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1. Foreword
This report summarizes research performed for the Air Force Office of Scientific
Research under Contract No. F49620-02-1-0148, "Effects of Stress on Localized
Corrosion in Al and Al Alloys." The contract began on March 1, 2002, and is scheduled
to run for a total of 36 months. The Principal Investigators are Prof. G. S. Frankel,
Department of Materials Science and Engineering, The Ohio State University, and Prof.
Stanislav I. Rokhlin, Dept. of Industrial, Welding and Systems Eng. The AFOSR
program manager has been Lt. Col. Paul Trulove, Ph.D., and is now Major Jennifer
Gresham, Ph.D. This is a final report covering the accomplishments during the full term
of the contract.

2. Obiectives and Status of Effort

In order to predict the development of corrosion, a fundamental understanding of the
corrosion processes is required. In particular, the effects of mechanical stress on
corrosion and their synergistic interactions must be understood. This project addresses
certain effects of stress on localized corrosion in AA2024-T3.

The effects of an applied tensile stress on the kinetics of both intergranular and pitting
corrosion are studied using the foil penetration technique. The technique employs a jig
that applies a constant tensile displacement onto the foil sample. Penetration times
through the foil provide a quantitative measurement of the growth kinetics. The work
focuses on alloy AA2024-T3. The effect of a number of parameters are studied, including
applied stress level, applied potential, orientation relative to the rolling direction,
microstructure, temper, and environment. The type of corrosion can be controlled by
means of the applied potential. The effects of applied compressive stress have also been
studied.

X-ray radiography is required to assess the extent of corrosion for certain approaches,
and this technique has the further advantage of providing information on the full
distribution of corrosion sites, not just the fastest-growing site as in the case of the foil
penetration technique.

The effect of prior applied stress on the corrosion susceptibility of AA2024-T3 is also
being determined. This work is complementary to several programs that have been
studying the converse, i.e. the effects of prior corrosion on mechanical properties. The
prior applied stress is in the form of fatigue or tensile stress into the elastic or plastic
region (in inert environment). The samples are not stressed to failure. The effects of this
pretreatment on the sample surface are documented and the samples are exposed to
corrosive environments in the unloaded condition to determine the effects of the stress on
the susceptibility to localized corrosion initiation.
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The results of the proposed program will provide a fuller understanding of the synergistic
interactions of stress and environment on the localized corrosion of Al alloys, which will
in turn facilitate the development of predictive models for damage development.

3. Accomplishments

Most of the accomplishments of this program already have been or soon will be
submitted for publication. The full publications are given in appendices, and the work is
summarized in this section.

3.1 Effect of Applied Tensile Stress on Intergranular Corrosion of AA2024

Xiaodong Liu, G. S. Frankel, B. Zoofan and S. I. Rokhlin, Corr. Sci., 46, 405-425 (2004).

The effect of uniaxial tensile stress on intergranular corrosion (IGC) of AA2024-T3 was
studied using the foil penetration technique. Standard ASTM G49 fixed-displacement
jigs were modified to allow the use of sheet samples, which were then attached to an
electrochemical cell as in the foil penetration setup. The time for IGC to penetrate
samples of varying thickness was monitored. This method provides a new approach to
bridge the gap between GC and intergranular stress corrosion cracking (IGSCC).
Samples with various orientations elative to the rolling direction were studied in 1.0 M
NaCl at controlled anodic potentials. Potentiodynamic polarization measurements
indicated that the two breakdown potentials typically observed for AA2024-T3 were
lower for stressed samples than for unstressed samples, and the current at a given
potential was higher. The penetration rate depended on potential and was higher for
stressed samples than for unstressed samples. The primary form of attack above the
higher breakdown potential was IGSCC, whereas pitting dominated between the two
breakdown potentials. Stress had a larger effect on penetration rate at higher applied
potentials, indicating that pitting is less susceptible to the effects of stress than a properly
oriented IGC crevice. The effects of stress on the penetration rates in various orientations
were strongly linked to the anisotropic microstructure. X-ray microfocal radiography and
optical microscopy of cross-sections were used to characterize IGSCC defects in thin
penetrated foils. In certain orientations, crack faces were parallel rather than
perpendicular to the stress direction as a result of the constraints of the microstructure on
the orientation of the IGC. Implications for the mechanisms of IGC and IGSCC are
discussed.

3.2 Statistical Modeling and Computer Simulation of Intergranular Corrosion
Growth in AA2024-T3 Aluminum Alloy

Shiling Ruan, D. A. Wolfe, and G. S. Frankel, J. Stat. Plan. Inference, 126, 553-568
(2004). (work funded by previous funding cycle of this grant)

An extension of a brick wall model developed in a previous paper (Technometrics, to
appear) was used to describe intergranular corrosion in AA2024-T3 aluminum alloys.
The extended model simulates the behavior of corrosion paths at intersections of grain
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boundaries within the metal sample. Situations considered include the cases where a
corrosion path might assume an upward turn, skip an intersection (not turn) or split into
branches. The splitting of a corrosion path results in a smaller median of the minimum
order statistic while the other factors increase the median of the minimum order statistic.
Moreover, a larger number of grain layers increases the minimum path length for a
sample with given thickness. With a proper combination of these factors, the extended
model is able to provide a good 5t to the experimental data developed by the foil
penetration technique.

3.3 Statistical Modeling of Minimum Intergranular Corrosion Path Length in High
Strength Aluminum Alloy
S. Ruan, D. Wolfe, Weilong Zhang, and G. S. Frankel, Technometrics, 46, 69-75 (2004).
(work funded by previous funding cycle of this grant)

In this article a brick wall model is developed to describe the relationship between the
minimum intergranular corrosion (IGC) path length and the aspect ratio of grains of high
strength wrought aluminum alloy AA 2024-T3. We study the distribution of the
horizontal distance that a corrosion path will travel in the metal and fit the model to an
actual corrosion data set using the method of moments. The distribution of the horizontal
distance of a corrosion path along a given grain is assumed to be uniformly distributed
given the length of the grain, which is itself modeled by a gamma distribution. A
modified brick wall model is proposed that imposes a distribution on the vertical distance
traveled by the corrosion path as well. We use computer simulation to evaluate the fit of
these models.

3.4 Phase-contrast X-ray imaging for nondestructive evaluation of materials
B. Zoofan, J.-Y. Kim, S. I. Rokhlin, and G. S. Frankel, submitted to J. Appl. Phys., 1/04.

Quantitative aspects of phase-contrast microfocus X-ray imaging of structural materials
(Al alloys and polymers) are considered. The effect of the experimental parameters on
the phase contrast in the hard X-ray regime is investigated for application to
nondestructive evaluation (NDE) of materials. For this the diffraction field in an object
from a small finite X-ray source is simulated and the effects of geometrical and material
parameters on the X-ray phase-contrast image are obtained. Experimental phase-contrast
images of small defects are obtained with a 5 micron microfocal X-ray source and
compared with those from computer simulation as a function of geometrical
magnification and photon energy. The phase-contrast X-ray imaging provides enhanced
image contrast and improved edge definition and is important for further development
toward NDE of structural materials.

3.5 In Situ X- ray Radiographic Study of Stress Corrosion Cracking in AA2024-T3
Xiaodong Liu, G. S. Frankel, B. Zoofan and S. I. Rokhlin, submitted to Corrosion, 2/05.
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Despite the many studies that have addressed stress corrosion cracking (SCC) in high
strength aluminum alloys, the separate contributions of stress and electrochemistry to the
SCC process is still a matter of dispute. Moreover, the conventional fracture mechanics
approaches constrain SCC to a single crack per specimen, which eliminates interaction
between nearby cracks. In this study, a new non-destructive evaluation approach was
developed to investigate stress corrosion cracking in AA2024-T3 (UNS A92024). A
microfocal x-ray radiography technique was employed to image multiple intergranular
SCC cracks in situ. A modified ASTM G49 stressing jig was used to apply a fixed
tensile displacement to a thin sheet sample, and a novel electrochemical cell containing
flowing I M NaCl was attached to the edge of the sample. Potentiostatic polarization was
applied at a potential that promoted intergranular corrosion. The initiation and growth of
multiple intergranular stress corrosion cracks were characterized using transmission
microfocal x-ray radiography. The kinetics of intergranular stress corrosion cracking
growth was found to be in good agreement with the results of a completely different
technique, the foil penetration method, which reflects the validity of the new approach.
Interestingly, in many experiments the deepest crack at the beginning of the experiment
was found to slow and stop growing, and was then surpassed by another crack that
eventually penetrated through the sample. The competition between multiple
intergranular stress corrosion cracks is not explained by the theory of mechanical fracture
in inert environments. The possible mechanisms underlying this competition between
cracks are discussed.

3.6 Application of Phase-Contrast Microradiography in NDE
B. Zoofan, S. I. Rokhlin and G. S. Frankel, submitted to Mat. EvaL, 3/05.

Practical aspects of microfocal X-ray image enhancement utilizing phase-contrast effects
are considered. Optimization of the experimental method to achieve phase contrast is
described for application to nondestructive evaluation of materials. Experimental phase-
contrast images of porosity and corrosion pits obtained with a 5-micron microfocal X-ray
source are compared with absorption-contrast images demonstrating significant
enhancement of image quality. The phase-contrast X-ray imaging provides enhanced
image contrast, improved edge definition and X-ray phase information on the material.

3.7 Effects of Compressive Stress on Localized Corrosion in AA2024-T3 Alloy
Xiaodong Liu and G. S. Frankel, submitted to Corrosion, 4/05.

The effect of compressive stress on intergranular corrosion (IGC) of AA2024-T3 was
studied under a constant load with simultaneous electrochemical measurement. A
specially designed electrochemical cell was used to compress a pillar-shaped sample and
control the potential at a value that promoted IGC. The extent of IGC was assessed by
metallurgical cross sectional images. The effect of the compressive stress depended on
the orientation of the stress relative to the elongated microstructure. Application of a
compressive stress halfway to yield in the S or through-thickness direction significantly
reduced the growth kinetics of IGC in the longitudinal direction, but did not eliminate it
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totally. The strain change during exposure was used to quantify the change in radius of
the cylindrical sample as a function of time during IGC growth. The effect of
compression on reducing IGC was also assessed by the current density measured during
potentiodynamic and potentiostatic polarization. The effects of residual compressive
stress on IGC were studied using samples treated by low plastic burnishing (LPB), which
produces a surface layer with high residual compressive stress. The results depended on
the plane of the treatment.

3.8 The Effects of Prior Deformation on Localized Corrosion of Al Alloys

Zhijun Zhao and G. S. Frankel, in preparation.

In this study, the effects of prior deformation on the localized corrosion of high strength
Al alloys is studied. Samples were deformed in tension to various extents and examined
using electrochemical techniques and by simple immersion and observation. In AA2024-
T3, prior deformation resulted in an increase in the passive current density and
elimination of the peak associated with the first breakdown. In AA7075-T6, both the
first and second breakdown potentials decreased with increasing amounts of prior
deformation. The amount of attack on the surface of AA2024-T6 during open circuit
exposure to chloride solutions increased with increasing amount of prior deformation.
An in situ observation technique was developed to investigate the cause of the first
breakdown in AA7075-T6. Compelling evidence was generated to support the notion that
the first breakdown is caused by transient dissolution of a surface active layer created by
deformation during sample preparation.

3.9 In Situ Study of Intergranular Corrosion and Intergranular Stress Corrosion
Cracking in AA2024-T3
Xiaodong Liu, G. S. Frankel, B. Zoofan and S. I. Rokhlin, in preparation.

Microfocal x-ray radiography was used as an in situ non-destructive evaluation method to
study intergranular corrosion (IGC) and intergranular stress corrosion cracking (IGSCC)
in AA2024-T3. This method provides information on the morphology and growth
kinetics of multiple IGC and IGSCC sites, as well as the transition between IGC and
IGSCC. An elastic strain was applied using a modified ASTM G49 fixed displacement
jig. Application of tensile stress in the transverse direction, parallel to the IGC faces
growing in the L direction, led to coalescence of the IGC sites and transition into IGSCC
that was nominally normal to the applied stress. Fractography and micrography of
penetrated foils presented ex situ visions of the coalesced IGCs. Potentiodynamic
polarization revealed that the small elastic strain decreased the breakdown potential.
Current transient measured during potentiostatic polarization showed the effects of stress
on IGC growth.
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Abstract

The effect of uniaxial tensile stress on intergranular corrosion (IGC) of AA2024-T3 was
studied using the foil penetration technique. Standard ASTM G49 fixed-displacement jigs
were modified to allow the use of sheet samples, which were then attached to an electro-
chemical cell as in the foil penetration setup. The time for IGC to penetrate samples of varying
thickness was monitored. This method provides a new approach to bridge the gap between
IGC and intergranular stress corrosion cracking (IGSCC). Samples with various orientations
relative to the rolling direction were studied in 1.0 M NaCl at controlled anodic potentials.
Potentiodynamic polarization measurements indicated that the two breakdown potentials
typically observed for AA2024-T3 were lower for stressed samples than for unstressed sam-
ples, and the current at a given potential was higher. The penetration rate depended on po-
tential and was higher for stressed samples than for unstressed samples. The primary form of
attack above the higher breakdown potential was IGSCC, whereas pitting dominated between
the two breakdown potentials. Stress had a larger effect on penetration rate at higher applied
potentials, indicating that pitting is less susceptible to the effects of stress than a properly
oriented IGC crevice. The effects of stress on the penetration rates in various orientations were
strongly linked to the anisotropic microstructure. X-ray microfocal radiography and optical
microscopy of cross-sections were used to characterize IGSCC defects in thin penetrated foils.
In certain orientations, crack faces were parallel rather than perpendicular to the stress di-
rection as a result of the constraints of the microstructure on the orientation of the IGC.
Implications for the mechanisms of IGC and IGSCC are discussed.
© 2003 Published by Elsevier Ltd.
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Keywords: Stress corrosion cracking; Intergranular corrosion; Foil penetration; Aluminum alloy

1. Introduction

Localized corrosion of Al alloys in aqueous chloride solutions has been investi-
gated using different techniques [1-5]. However, few techniques exist to study the
kinetics of localized corrosion growth [6,7]. Electrochemical methods typically
measure current for a given potential. In order to convert current to rate, the active
area needs to be known. It is often assumed that the current flows from hemi-
spherical pits, but this is a poor assumption for localized corrosion in Al alloys.

The foil penetration technique, which was developed by Hunkeler and Bohni [8,9],
is an ideal approach to determine localized corrosion growth kinetics. It is a non-
electrochemical technique in which the time to penetrate a thin foil is determined by
sensing the emergence of electrolyte on the backside of the foil sample. By measuring
the penetration time for foils of different thickness, the depth of the fastest growing
localized corrosion site as a function of time is determined. This powerful technique
has been utilized by only a few investigators [10-15]. A recent study used the foil
penetration technique to show that the pit growth rate in AA2024-T3 at open circuit
was strongly reduced by the presence of a small amount of dichromate in solution,
whereas the growth rate at a slightly elevated applied potential was practically un-
changed, even in the presence of high dichromate concentrations [11]. In another
recent study, the foil penetration technique was used to show that the rate of lo-
calized corrosion growth in AA2024-T3 plate was anisotropic [12,13]. The rate of
growth in the through-thickness or short transverse direction was much slower than
in the longitudinal or long transverse directions. Cross-sectioning of samples proved
that the growth rate was anisotropic because the attack was intergranular corrosion
(IGC) and the grains were elongated in the rolling direction. The nominal growth
rate in the short transverse direction was slower because of the longer path length
around grains in that direction. The intergranular nature of the attack was supported
by X-ray microfocal radiography analysis of penetrated foils [11].

Rota and Bohni studied IGC of an Al-4Cu-alloy aged to maximum IGC sus-
ceptibility using the foil penetration technique [14]. They then took the further step
of investigating the influence of an applied tensile stress on growth kinetics of IGC
[15]. Interestingly, they found the application of 80% of the proof stress had very
little influence on the penetration kinetics of IGC in this alloy. The enhancement of
IGC by an applied tensile stress is actually a form of stress corrosion cracking (SCC).
The SCC process includes crack initiation and growth. The mechanism of crack
growth involves either anodic dissolution or hydrogen embrittlement [15-19]. The
grain boundary region is often the site of SCC because it can be preferentially sus-
ceptible to dissolution and is an easy ingress path for atomic hydrogen. SCC growth
kinetics are usually studied with compact tension fracture mechanics specimens. The
foil penetration approach can be used either with or without an applied stress, so it
can be used to address the transition from IGC to IGSCC.
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Rota and Bohni were not aware of the anisotropy of IGC kinetics without applied
stress as was demonstrated in the recent studies, and their experiments were per-
formed on rolled sheet with nominal growth in the through-thickness direction. The
current study was undertaken to investigate the effects of stress and orientation on
stress-assisted IGC growth using the foil penetration technique. X-ray microfocal
radiography was also used to examine the morphology of the corrosion features.

2. Experimental

A plate of AA2024-T3 plate (Cu 4.5%, Mg 1.45%, Mn 0.57%, Si 0.1 1%, Fe 0.25%,
Zn 0.09%, Ti 0.02%, Cr 0.01%, and other elements total 0.05% max) of thickness 1.9
cm was purchased from Metalmen Sales, Inc. Dog-bone shaped samples were ma-
chined from the plate in different orientations relative to the rolling direction. Slices
of thickness 0.1-0.9 mm were then fabricated using electrical discharge machining
(EDM). Details of the specimen shape are given in Fig. 1. The orientations of tested
samples and the AA2024-T3 microstructure are given in Fig. 2. It should be noted

78.58

25.40 23.81

2A4.37 1

00

Fig. 1. Sheet sample used for stressed foil penetration experiments, all dimensions in mm.

RD .....- R -

L -S

200 gm short transverse (S)
longitudinal (L)

long transverse (T)

Fig. 2. Microstructure of AA2024-T3 plate and notation used for orientation of stressed sheet samples.
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that the notation of orientation shown in Fig. 2 is slightly different than the notation
used in previous papers from this laboratory [12,13]. The three perpendicular di-
rections are considered to be longitudinal (L, along the rolling direction), short
transverse (S, through-thickness), and transverse (T). The orientation of a stressed
sheet sample is noted by first indicating the sheet perpendicular (direction of nominal
penetration) and then the stressing direction. For example, an S-L sample is stressed
in the L or rolling direction, with penetration in the S or through-thickness direction.
Prior to testing, the samples were polished to 1200 grit in methanol or ethanol to
minimize corrosion.

Rota and Bohni used a large tensile frame and ganged samples to apply a constant
uniaxial load simultaneously to six samples [151. In the current study, uniaxial stress
was applied using modified ASTM G49 constant-displacement jigs (Fig. 3). Gripping
plates were designed into the end pieces of the ASTM G49 test frame to handle sheet
samples rather than the standard round tensile bars. A fixture is used to squeeze
together the sides of the frame, which then push out the end pieces to apply a uni-
axial tensile stress and a fixed displacement. A strain gauge extensometer (0.5 in.
gage length, Model 3542-0100-050-ST, Interlaken Technology Corp.) was attached
to the samples during the squeezing of the frame in order to sense and control the
sample strain. Fig. 4 shows a stress-strain curve for an AA2024-T3 sheet in the S-T
orientation measured in a standard tension testing machine. Using this stress-strain
curve as a guide, strains in the elastic region were applied. Typically, a strain as-
sociated with about half of the yield stress was applied for the foil penetration
testing.

The stressing jigs require the sheet samples to have a length of 79 mm, whereas the
tested AA2024-T3 plate was only 19 mm in thickness. In order to study the effect of
tensile stresses applied in through-thickness direction (S), extension tabs were welded
to the ends of full thickness plate sections with thickness in either the L or T

Stressing Jig Sheet sample Gripping plate

Fig. 3. Schematic of modified ASTM G49 jig used to apply constant displacement.
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Fig. 4. Stress-strain curve for an AA2024-T3 sheet in the S-T orientation.

direction. The tabs were laser welded (at Edison Welding Institute) in an attempt to
minimize the metallurgical changes associated with weld heat. Two 30 x 200 mm
pieces were cut from a 2 mm thick sheet of AA2024-T3 and laser welded to either
side of a 200 mm long, 2 mm thick section of the 19 mm plate that was oriented
either in the L or T direction. This resulted in a 2 mm thick plate with dimensions
about 79 x 200 mm containing two welds along the length. Dog-bone tensile samples
were then cut from this plate, as shown schematically in Fig. 5. These samples were
reduced in thickness for the penetration experiment by grinding and polishing.

The foil penetration cell used in earlier studies had to be modified to handle the
sheet sample mounted in the stressing jig. The sample was pressed against a Teflon

Fig. 5. Laser welded sheet sample for AA2024-T3 in the L-S orientation.



410 X. Liu et al. I Corrosion Science 46 (2004) 405-425

O-ring at the bottom of a Plexiglas cell to expose an area of 1 cm2. The sample was
backed with a piece of filter paper and a Cu foil. Penetration was sensed by monitoring
the resistance between the sample and the Cu foil using a detection circuit described
previously [11]. A Pt counter electrode and saturated calomel reference electrode
(SCE) were used in the foil penetration cell. The solution was prepared in 1 M NaCl by
mixing A.C.S. grade NaCI crystals with 18.2 MO cm Millipore deionized water.

Penetration experiments were performed under anodic potentiostatic polarization
in 1.0 M NaCI solution. Oxygen was continuously bubbled into the solution during
the test. Because the main goal of this study was to investigate the growth kinetics of
IGC under the stress, samples were initially polarized at -0.29 V SCE for 1 s, which
is similar to a traditional opening precrack in the study of SCC growth. Subsequently,
the potential was stepped down to a given value and held there until the sample
penetrated. The anodic current was recorded during the penetration time. Penetrated
samples were cross-sectioned, polished, and examined by optical microscopy.

Anodic potentiodynamic polarization curves were measured on stressed samples
in different orientations using the penetration cell and stressing jig in deaerated 1 M
NaCl solution (pH = 6.1). A Gamry FAS potentiostat/galvanostat (Gamry Instru-
ments, Inc.) system was used to control the potential. The solution was deaerated in
a reservoir by Ar for 24 h before the polarization experiments. Ar gas deaerated the
cell at least 15 min before filling in the solution and purged the solution continuously
during the measurement. The potential was scanned at 0.1 mV/s from 30 mV below
the open circuit potential (OCP) to a potential above the breakdown potentials.

Potentiostatic polarization experiments were carried out to understand the kinetics
of localized corrosion at a specific potential. A sample was first potentiodynamically
polarized as described above and then held at some potential for a certain time.
Current was recorded during the holding time. The polarized surface was examined
by optical microscopy, scanning electron microscopy (Philips XL30 FEG-SEM) and
energy-dispersive X-ray spectroscopy (EDS). The potentiostatic polarization experi-
ments were conducted between and above the two breakdown potentials.

X-ray microfocal radiography was used as a non-destructive evaluation (NDE)
method to analyze samples generated by foil penetration experiments. Sheet samples
removed from the cell immediately upon penetration provide ideal samples for ra-
diography since they are just penetrated [11,20]. NDE morphology was combined
with destructive cross-sectioning to develop a full description of the corrosion sites.
The morphology of the corrosion defects was found to vary strongly depending on
the orientation and the application of stress.

3. Results

3.1. Potentiodynamic polarization curves of foils under stress

Representative anodic polarization curves for S surfaces with and without tensile
stress are given in Fig. 6. Three replicate measurements were made for each of the
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Fig. 6. Anodic polarization curves of S, S-L and S-T samples in deaerated I M NaCi solution.

conditions: unstressed S samples and stressed S-L and S-T samples. The S-L and S-
T samples were loaded to an initial strain of 0.28%. The current increased quickly
above the first lower breakdown potential and either reached a higher limiting value
(S-L), or exhibited a peak and decreased (unstressed S and S-T). Above the second
breakdown potential at higher potentials, the current increased again. The polari-
zation curves in other orientations followed similar trends. The phenomenon of two
breakdown potentials was studied in Al-4%Cu alloy in deaerated 1 M NaCl by
Galvele and de Micheli [21]. They proposed that the lower breakdown potential
corresponded to the dissolution of Cu-depleted zone along the grain boundary and
the higher one corresponded to the dissolution of the grain bodies. Guillaumin and
Mankowski gave a different explanation for the two breakdown potentials found for
AA2024-T351 in aerated 1 M NaCl [22]. The lower breakdown potential was pro-
posed to be associated with dissolution of S phase particles (Al2CuMg) and the
higher one with pits and IGC in the alloy matrix. Recently, Zhang and Frankel
refined this view by describing that transient S phase attack triggers the first
breakdown, and primarily IGC is responsible for the second breakdown [13].

In Fig. 6, the two breakdown potentials for stressed S-L and S-T are almost the
same values, i.e. -715 to -695 and -625 to -610 mV SCE for the first and second
breakdown potentials, respectively. These values are significantly lower than the
counterparts for unstressed S samples: -675 to -665 and -590 to -595 mV SCE,
respectively. This indicates that samples under tensile stress are more susceptible to
localized corrosion in chloride solution. In the passive region, below the lower
breakdown potential, the current density exhibited unstable oscillations for the
stressed samples, whereas unstressed S sample maintained a steady current density.
These oscillations might be associated with stress effects on induction of metastable
pits, but this is still unclear. The 40 mV lower first breakdown potential for the
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stressed samples indicates that transient attack of S phase particles is enhanced by
tensile stress. This might be an influence of stress on the S phase surface oxide film or
at the particle/matrix interface. The lower second breakdown potential indicates that
stress enhances IGC-initiation. Above the second breakdown potential (e.g. -580
mV SCE), the current densities of stressed S-L and S-T samples were larger than
that of unstressed S by as much as a factor of 100. These findings correspond with
the foil penetration results, which are described below.

3.2. Potentiostatic polarization of foils under stress

In order to understand better the effect of stress on the forms of corrosion in
AA2024-T3, potentiostatic polarization was performed at different potentials. S-L
samples were potentiostatically polarized at -660 mV SCE, which is between the two
breakdown potentials, in deaerated I M NaC1 for 1 or 3 h and removed from so-
lution immediately. The morphology of the exposed surface was recorded using
optical microscopy and examined by SEM and EDS. The current density recorded
during potentiostatic polarization increased initially to a sharp peak and then
dropped down to a low level within about 10 min (Fig. 7). The initial peak of current
density was associated with initiation of localized attack, but the subsequent de-
crease indicates that the attack did not propagate. Fig. 8(a) is an optical microscopy
image of the exposed surface. The spherical black and irregular gray particles are
partially dissolved, but no intergranular attack is evident. These particles were ob-
served by SEM as shown in Fig. 8(b) and (c). EDS analysis indicates that the
spherical small S phase particles in Fig. 8(b) were depleted of Mg, and trenching
occurred around the particles. The large Al-Cu-Fe-Mg particles were etched and
cracked (Fig. 8(c)). These observations show that IGC does not initiate below the
second breakdown potential even with applied tensile stress.

1 10-
4

E 810-

._ 610'
C

S410-'

o 210-5
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0 500 1000 1500 2000 2500 3000 3500 4000
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Fig. 7. Current density transient for S-L sample potentiostatically polarized at -660 mV SCE in deaerated
1 M NaCI for I h.
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Fig. 8. Surface morphology of S-L sample exposed to deaerated 1 M NaCl at -660 mV SCE for 3 h. (a)
Optical image; (b) secondary electron image of S phase particle; (c) secondary electron image of Al-Cu-
Fe-Mn particle.

Potentiostatic polarization was performed above the second breakdown potential
on an S-L sample in oxygenated I M NaCI. The sample was initially polarized at
-290 mV SCE for 1 s and the potential was then stepped down to -580 mV SCE and
held for 2 h. After an initial spike, the current density increased gradually (Fig. 9).
Examination of the sample by optical microscopy after removal from solution in-
dicated the presence of severe IGC dissolution and attack of some grain bodies (Fig.
10). The results are consistent with the behavior of unstressed samples [13,22], and
indicate that stressed samples exhibit IGC at high potentials.

3.3. Foil penetration experiments

The foil penetration method was used to study the growth kinetics of IGC on
stressed samples. Foil penetration experiments measure the penetration time for foils
of varying thickness under a given condition. However, the results are typically
plotted in the inverse fashion, to show depth of the fastest growing sites as a function
of time. A comparison of penetration data for stressed S-T and unstressed S under
applied potentials around the second breakdown potential is given in Fig. 11. At a
potential above the second breakdown potential, -580 mV SCE, the growth rate of
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Fig. 9. Current density transient for S-L sample potentiostatically polarized at -580 mV SCE for 2 h.

Fig. 10. Optical image of S-L sample exposed to oxygenated 1 M NaCI at -580 mV SCE for 2 h.

stressed S-T sample is faster than that of unstressed S. In Fig. 6, the current density
of S-T during potentiodynamic polarization was shown to be much larger than that
of unstressed S at -580 mV SCE. The penetration rate of S-T at -610 mV SCE is
similar to that of S at -580 mV SCE. Interestingly, the current densities during
potentiodynamic polarization are similar for the two conditions (Fig. 6). So despite
the complications involved with determining growth kinetics directly from electro-
chemical measurements, the polarization curves correlate well with foil penetration
data. A similar effect of potential on penetration rate has been found in L-oriented
samples. Fig. 12 shows that IGC in L-T samples grows faster at -580 than at
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Fig. 11. Penetration data for S-oriented samples of AA2024-T3 without and with applied stress in oxy-
genated 1 M NaC1 at -580 and -610 mV SCE. The values in parentheses are the initial strains.
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Fig. 12. Penetration data for L-oriented samples of AA2024-T3 without and with applied stress in oxy-
genated 1 M NaCI at -580 mV SCE and in Ar-bubbled 1 M NaC1 at -630 mV SCE. The values in pa-

rentheses are the initial strains.

-630 mV SCE in oxygenated 1.0 M NaC1, which correlates with the higher current
density at -580 than at -630 mV SCE.

Fig. 13 shows foil penetration data for stressed AA2024-T3 samples in three
different orientations, S-T, T-L, and L-T, at -580 mV SCE in oxygen-bubbled 1.0
M NaC1. The growth rate of the stressed samples is seen to be anisotropic, with the
rate of penetration for the S-T sample being much slower than the other orienta-
tions. IGC growth anisotropy, which was previously reported for unstressed samples
[12], is therefore not changed by the application of a tensile stress. The penetration
depth under an applied stress for the L-T and T-L orientations was found to vary
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Fig. 13. Penetration data for AA2024-T3 with applied stress varying amount of fixed displacement in
oxygen-bubbled I M NaCl at -580 mV SCE. The values in parentheses are the initial strains.

approximately with t /2 , similar to what has been observed for pitting corrosion and
IGC in unstressed samples [8,9,12].

Comparisons of the penetration data for stressed and unstressed samples are given
in Figs. 14-16. Fig. 14 shows data for unstressed L samples, and stressed L-T and L-S
samples, Fig. 15 shows data for unstressed T samples and stressed T-L samples, and
Fig. 16 shows data for the unstressed S and stressed S-L and S-T samples. In any
given orientation for the L and T stressing directions, the rate of growth was slightly
enhanced by the application of stress. This marginal increase resulting from the
application of stress is similar to that observed by Rota and Bohni for Al-4Cu, and
can be understood by considering the relationship of the stress direction to the
microstructural orientation, as shown in Fig. 2. Tensile stress applied in either the T
or L direction is aligned with the elongated grain structure in the T and L sections.

1 .6 1 M.. -.. ... .... ...

1.4

1.2 - L-S (0.06%)
E
E 1.0 L-T(0.28%)

0
00.6 09 0

0.4 0 0

unstressed L
0.2

0
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (h)

Fig. 14. Penetration data for L-oriented samples of AA2024-T3 without and with applied stress in oxy-
genated I M NaCI at -580 mV SCE. The values in parentheses are the initial strains.
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Fig. 15. Penetration data for T-oriented samples of AA2024-T3 without and with applied stress in oxy-
genated 1 M NaCI at -580 mV SCE. The values in parentheses are the initial strains.
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Fig. 16. Penetration data for S-oriented samples of AA2024-T3 without and with applied stress in oxy-
genated 1 M NaCI at -580 mV SCE. The values in parentheses are the initial strains.

On the other hand, tensile stress in the S direction is perpendicular to the elongated
grain structure. Fig. 14 shows the effect of stress for penetration in the L direction
(along the rolling direction). Application of a tensile strain about halfway to yield in
the T direction increased the penetration rate by a small amount. In sharp contrast,
application of stress in the S direction had a huge effect on the penetration rate. The
application of 0.06% strain, which is barely measurable and equivalent to an applied
stress of about 3 ksi, greatly increased the penetration rate. A higher strain of 0.18%
increased the rate about 7× compared to the unstressed condition. This effect of
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stress orientation on SCC resistance has been known for some time [1,5]. However,
these data show the transition from IGC to IGSCC.

The enhancement in growth kinetics with stress was greater for penetration in the
S direction (S-L and S-T samples) than for either L-T or T-L samples. This may be
related to the lower anisotropy of the microstructure in the S plane. The higher rate
for S-T samples compared to S-L is probably associated with the fact that the T
direction is the short axis of the grain structure in that plane (Fig. 2). Interestingly,
when fitting the S-T and S-L data to an equation of the form d = Atn, the fit is better
when the time exponent n is in the range of 0.15-0.26 rather than 0.5. The L-S and
L-T penetration data exhibit a time exponent in the range of 0.38-0.46, which is
higher, but still less than 0.5. It is possible that the growing defects resulted in a stress
relaxation with time and thus a decrease in the rate of penetration with time. As
described presently, the difference in growth kinetics can be explained by charac-
terization of the corrosion defects, which were found to be IG in nature.

3.4. Characterization of the corrosion defects

X-ray radiography along with cross-sectional optical microscopy provides a full
description of the corrosion defects. X-ray microfocal radiography generates a gray-
scale image in which the intensity depends on the integrated X-ray absorption
through the sample thickness [20]. The absorption of X-rays in these samples varies
with the amount of corroded material; the image on the X-ray film is a negative in
that a dark region is associated with low attenuation of X-rays traveling through a
region of lower density where metal was lost to corrosion. Magnification is achieved
by simple optical projection from the X-ray source through the sample onto a distant
film plate. The small focus spot of the electron beam that generates the X-rays results
in enhanced lateral resolution in the microfocal radiography technique.

Fig. 17 shows the radiograph and optical cross-section of an unstressed S sample
exposed to oxygen-bubbled 1 M NaCI at a potential of -580 mV SCE. The attack is
IG in nature, as is clearly seen by the optical micrograph of the sample cross-section.
The radiograph of this sample shows lots of broad and diffuse corrosion sites, The
radiograph has this nature because it is a through-thickness integration of the IG
attack, which spreads laterally in the foil in this orientation. The long path for IGC
to propagate through S samples causes the slower penetration rate relative to the T
and L orientations [12].

Fig. 18 shows an S-T sample that was penetrated at the same potential in the
same solution. This image is different than that of the unstressed sample in several
respects. There was much less attack in the stressed sample than in the unstressed
sample. This is partly a result of the faster penetration time of the stressed sample.
Furthermore, the stress concentrated the attack at cracks that were perpendicular to
the applied stress direction. The higher magnification radiograph shows that the
cracks were wavy and not perfectly perpendicular to the stress. As will be shown
below, this is a result of the IG crack propagating around the pancake-shaped
grains, but generally maintaining a direction perpendicular to the applied stress.
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T

Fig. 17. AA2024-T3 S sample, 0.22 mm thick polarized at -580 mV SCE in I M NaC1, and penetrated in
8.2 h, unstressed. Left radiograph, right-optical cross-section [12].

Fig. 18. AA2024-T3 S-T sample, 0.2 mm thick polarized at -580 mV SCE in I M NaCI, stressed. Right-
radiograph, left-magnified view of crack.

An unstressed L sample exposed to the same I M NaC1 solution at -580 mV SCE
is shown in Fig. 19. The corrosion sites in the radiograph are much more focused
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Fig. 19. AA2024-T3 L sample, polarized at -580 mV SCE in I M NaCI, unstressed. Left-radiograph
[12], right-optical cross-section.

than in the S sample shown in Fig. 17. The optical image of the cross-section shows
that the IG corrosion path is essentially straight through the foil. Because of the
orientation of the elongated grains, the grain boundaries go almost straight through
L-oriented foils. The white spots are higher density regions associated with inter-
metallic particles. The particle number density is very high because the radiograph
senses all of the particles through the whole cross-section. These particles are not
evident in Fig. 17 because of all of the corrosion damage spread through the cross-
section of that sample.

Images of a penetrated L-S sample are shown in Fig. 20. As for the unstressed L
sample, the optical cross-section shows that the attack is straight through along the
L direction. In the X-ray radiography image of this sample, the defects are seen to be
elongated in the T direction and somewhat opened up in the S direction, which is the
stressing direction. The optical section indicates that these defects propagate through
the foil. Thus the combination of the two images provides a 3-D morphology of the
defects in the L-S samples.

Unstressed T samples exhibit corrosion morphologies very similar to those shown
in Fig. 19 for an unstressed L sample. The optical cross-section and radiograph for a
T-L sample exposed under the same conditions but under an applied stress are given
in Fig. 21. Careful examination of the defects in the radiographs shows them to be
short straight cracks oriented in the direction of stress. It is quite strange to have
cracks oriented in the stressing direction rather than perpendicular to the stress.
However, the optical micrograph of the cross-section shows that the cracks pene-
trated through the thickness in the T direction, which is perpendicular to the
stressing direction. (Actually, only one of them penetrated completely through.) The
crack dimensions were about 50-100 .im in the L direction, but they penetrated
through the 550 gim thick sample in the T direction. They were limited to the L
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Fig. 20. Images of L-S penetrated sample at -580 mV SCE. Left-optical cross-section, right-micro-
radiograph image.

in 2.6 h, stressed. Left-radiographs, right--optical crosssection
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Fig. 22. Schematic representation of three-dimensional nature of the cracks in stressed foil penetration
samples. Not drawn to scale.

direction in the L-S plane because of the orientation of the grains and the constraints
imposed by the IGC nature of the attack.

The radiographic and optical microscopy results are combined in Fig. 22, which
shows a schematic representation of the morphology of the cracks in the stressed
samples. A schematic 3-D view of the elongated grain structure is also given. For the
S-T sample, the cracks were perpendicular to the stress, but wavy and broad since
they had to find their way between the elongated grains. The T-L sample exhibited
straight cracks whose long axes were perpendicular to the stress. However, the ra-
diography showed a projection of those cracks on the T plane. In that projection,
they appeared to be parallel to the stress. The crack faces, which were S faces, were
parallel to the applied stress even though the long axis was perpendicular to the
stress. It is clear that the combination of radiography and cross-sectional microscopy
gives a complete picture of the cracks.

4. Discussion

In this work, AA2024-T3 samples stressed in tension about halfway to yield ex-
hibited a lower breakdown potential than unstressed samples. The higher current at
a given potential above the breakdown potential was associated with IGC and se-
lected grain attack. The penetration data showed that at higher potential the lo-
calized corrosion growth rate was faster for stressed samples than for unstressed
samples. In particular, the growth rate of L-S samples was considerably faster than
both L-T and unstressed L samples. Furthermore, the penetration rate increased
with initial strain. X-ray radiography images showed that there was much less attack
in S-T samples than in unstressed S samples, and that the attack was wavy and
elongated rather than broad and diffuse. Because of constraints imposed by the
microstructure, the cracks in the L-S samples were normal to applied stress, while
those in the T-L samples were parallel to the stress direction.
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Intergranular corrosion is accelerated attack at or near grain boundaries resulting
from an enhanced susceptibility of the grain boundary or neighboring region. Stress
corrosion cracking is driven by the synergistic actions of mechanical and electro-
chemical factors occurring at a crack tip. IGC and IGSCC are closely linked and
even overlap in exfoliation corrosion, a form of IGC in which the stress generated by
the intergranular corrosion product effectively wedges apart the elongated grain
structure near the surface of wrought high strength Al alloys. One view of IGSCC is
that it is simply stress-assisted IGC, though the role of hydrogen in the SCC of Al
alloys has been debated. Owing to its low breakdown potential and the reactivity of
freshly exposed Al surfaces (high exchange current density for hydrogen evolution),
hydrogen gas is always evolved within localized corrosion sites in Al and Al alloys.
Burleigh reviewed a number of studies on SCC of Al alloys and concluded that an
anodic dissolution mechanism is generally favored for the 2xxx series alloys, whereas
hydrogen-induced cracking is favored for 7xxx series alloys [1].

The foil penetration data shown in Fig. 14 suggest that, as stress is applied, there
is a smooth transition from unstressed IGC to IGSCC, which indicates that the
mechanisms for the two phenomena are similar. There can be different influences of
stress on the cracking process. Stress applied in the S direction is perpendicular to the
elongated grain structure and therefore perpendicular to the IGC fissures. In this
work, stress applied in the S (through-thickness) direction was extremely effective at
increasing penetration rates, which is a well-known effect in SCC of Al alloys. Such
stress would tend to both rupture any film that might form at the crack tip and also
effectively open the crack, thereby increasing mass transport and decreasing the
ohmic potential drop down the crack. Stress applied in either the L or T direction
would have similar though less effective influences on intergranular fissures pene-
trating in the S direction. The smaller effect of stress on penetration for S-T and S-L
samples relative to L-S samples is borne out by the data presented in Figs. 11 and 14.

Interestingly, the penetration rates for L-T and T-L samples are slightly larger
than for the unstressed L and T samples, respectively. The microstructure constrains
the IG crack faces in L-T and T-L samples to be parallel to the direction of the
applied stress, and Poisson effects should generate a compressive stress in the S di-
rection, which is perpendicular to the grain faces. Because of this, the applied stress
acts to close rather than open cracks, and the accelerating effect of stress for the L-T
and T-L samples is difficult to explain.

If the mechanism for IGC is the same as that for IGSCC, as indicated by the
smooth transition between the two, it is possible that IGC involves a stress com-
ponent even in the absence of an applied stress, like exfoliation corrosion. AA2024-
T3 is susceptible to exfoliation corrosion, and it is likely that the IGC observed in the
foil penetration samples would have turned into exfoliation corrosion if it were at an
unconstrained surface. There is no reason to expect that the corrosion product
formed during IGC would be any less voluminous than that formed during exfoli-
ation near the surface. The constraints of the surrounding material in the foil pen-
etration experiment prevent exfoliation for the L- and T-oriented samples. However,
the voluminous corrosion still forms. It is possible that the IGC is assisted by
wedging stresses generated by the corrosion product. The sample does not exfoliate
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because of the constraints of the sample, but the local wedging stress from the
corrosion product could be significant enough to prevent repassivation in the lo-
calized corrosion environment. Nominal elastic stress on the order of half of the
yield stress was shown in this work to decrease the breakdown potential in a neutral
chloride environment, so it is reasonable that wedging stress in the crack environ-
ment would destabilize passivity. Once initiated, the IG cracking continues along the
solute depleted zone along a grain boundary because this region is the least likely to
repassivate in the localized corrosion environment. An applied stress in the S di-
rection would clearly enhance this process. For stress applied in the L or T direc-
tions, it is likely that the compressive stress from the Poisson effect would be small
compared to the wedging stress from the corrosion product. Therefore, the net effect
of an applied stress in the L or T direction would be to create a biaxial stress state at
the crack tip: a wedging stress from the corrosion product and a perpendicular stress
along the crack width. This biaxial stress state at the crack tip would further de-
stabilize the passive film.

Another factor that could also play a role is the fact that not all of the grain
boundaries are perfectly aligned with stress applied in the L or T direction. The
grains in the tested plate are certainly elongated as shown in Fig. 2. However,
portions of the boundary region around most of the grains are angled away from the
rolling direction to a certain extent. Any misalignment during machining of the
samples would also create a situation where part of the applied stress could be re-
solved into a stress acting perpendicular to the boundary. As shown above, a small
stress normal to the grain boundary is sufficient to accelerate growth.

5. Conclusions

The effect of uniaxial tensile stress on intergranular corrosion of AA2024-T3 was
studied using the foil penetration technique in an attempt to bridge the gap between
IGC and intergranular stress corrosion cracking. The following observations were
made:

1. Potentiodynamic polarization measurements in 1 M NaCl indicated that the two
breakdown potentials typically observed for AA2024-T3 were lower on stressed
samples, and the current at a given potential was higher.

2. The penetration rate depended on potential and was higher for samples with an
applied stress than for unstressed samples. Stress applied in the S direction was
particularly effective at increasing penetration rates, although stress in the L
and T direction also accelerated attack. The primary form of attack above the
higher breakdown potential was IGSCC, whereas pitting dominated above the
lower breakdown potential.

3. Stress had a larger effect on penetration rate at higher applied potentials, indicat-
ing that pitting is less susceptible to the effects of stress than a properly oriented
IGC crevice.
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4. The effects of stress on the penetration rates in various orientations were strongly
linked to the anisotropic microstructure. X-ray microfocal radiography and opti-
cal microscopy of cross-sections were used to characterize IGSCC defects in thin
penetrated foils. In certain orientations, crack faces were parallel rather than per-
pendicular to the stress orientation as a result of the constraints of the microstruc-
ture on the orientation of the IGC.

5. A smooth transition in penetration response with applied stress suggests that the
mechanisms of IGC and IGSCC are similar. It is suggested that the stress im-
parted at the crack tip by the formation of a voluminous corrosion product plays
an important role in IGC propagation even in the absence of an applied stress.
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Abstract

An extension of a brick wall model developed in a previous paper (Technometrics, to appear)
was used to describe intergranular corrosion in AA2024-T3 aluminum alloys. The extended
model simulates the behavior of corrosion paths at intersections of grain boundaries within the
metal sample. Situations considered include the cases where a corrosion path might assume an
upward turn, skip an intersection (not turn) or split into branches. The splitting of a corrosion
path results in a smaller median of the minimum order statistic while the other factors increase
the median of the minimum order statistic. Moreover, a larger number of grain layers increases
the minimum path length for a sample with given thickness. With a proper combination of these
factors, the extended model is able to provide a good fit to the experimental data developed by
the foil penetration technique.
@ 2003 Elsevier B.V. All rights reserved.
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1. Introduction

High strength aluminum alloys such as AA2024-T3 are widely used in aerospace
applications. They are resistant to uniform corrosion but highly susceptible to local-
ized corrosion. Localized corrosion, usually in the forms of intergranular corrosion

(IGC), pitting corrosion, crevice corrosion, exfoliation and stress corrosion cracking
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(Davis, 1999), is unpredictable in terms of the exact places of initiation and initia-
tion time. With traditional deterministic approaches, such as the electrochemical theory
of corrosion, localized corrosion cannot be well explained due to the scattering of
the corrosion data. On the other hand, considering localized corrosion as rare events,
statistical approaches could provide an appropriate way to describe the mechanism
of corrosion (Shibata, 1996), potentially to evaluate quantitatively localized corrosion
behavior.

Among all the forms of localized corrosion in high strength aluminum alloys in
aqueous environment, IGC and pitting attack are two common forms that have received
a good deal of attention. IGC is a preferential attack of grain boundaries or nearby
adjacent regions without appreciable attack of the grain matrix, while pitting corrosion
occurs at the intermetallic particles or in the grain matrix. Both forms of attack are
similar from an electrochemical point of view (Galvele and De Micheli, 1970; Muller
and Galvele, 1977). However, IGC might have very different growth kinetics from
pitting. For predictive modeling of corrosion propagation, it is important to understand
these growth kinetics independently. In this paper, we describe a model predicting the
growth kinetics of IGC in aluminum alloy.

There are many factors that determine the resistance and susceptibility of an alloy
to IGC, such as alloy composition, microstructure, and the environment (Davis, 1999;
Scully et al., 1992; Scully, 1999). The exact role of each of these factors is still unclear.
For example, even though there are a few reports on quantitative measurements of IGC
in aluminum alloys, little is known about the relationship between alloy microstructure
and IGC growth kinetics. Zhang and Frankel (2000) made quantitative measurements
of localized corrosion kinetics in AA2024-T3 using the foil penetration technique. They
reported that the growth kinetics of localized corrosion in this type of alloy exhibit
a strong anisotropy as a result of anisotropy in the microstructure of the wrought
aluminum alloy. AA2024-T3 has a typical laminated structure with grains elongated in
the longitudinal (rolling) and long transverse directions relative to their dimension in
the short transverse (through-thickness) direction. The time for intergranular corrosion
to penetrate a given distance along the longitudinal or long transverse direction is
much less than the time to penetrate the same nominal distance in the short transverse
direction (Zhang and Frankel, 2000). The ratio of nominal penetration rates for the
longitudinal direction to that for the short transverse direction was found by Zhang
to be 4.29. The local intergranular growth rate should not depend on the direction of
growth, though it is likely a function of total path length from the surface exposed to the
bulk solution. The difference in nominal growth rate with through-thickness direction
relative to the rolling direction is a result of the anisotropic grain dimensions and
the resulting difference in path length. Any intergranular path in the through thickness
direction of a plate with an elongated microstructure will be very convoluted, resulting
in nominal rate of penetration that is much less than the local rate of intergranular
growth. It is of interest to be able to determine the influence of a grain structure with
a particular size and shape anisotropy on the kinetics of intergranular growth in the
through thickness direction.

Ruan et al. (2004) proposed a statistical model to describe the relationship be-
tween the microstructure and the IGC growth rate based on foil penetration data and
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quantification of the microstructure of AA2024-T3. In the model, a brick wall repre-
sents the laminated microstructure of AA2024-T3. The distributions of the grain size
(both width and length) are approximated by gamma distributions. Since the grain size
in the longitudinal or rolling direction is much larger than that in the long transverse
direction, the problem can be simplified into two dimensions, the short and long trans-
verse dimensions. IGC in the longitudinal direction is assumed not to contribute to
penetration in the short transverse direction. Given the length and the width of the
grain, the distance that a corrosion path travels along a given grain is assumed to be
uniformly distributed. Then, a Matlab program was used to simulate the distribution of
the minimum order statistic of the corrosion path length. The simulation gives estimates
with a small amount of underestimation compared to the actual result from Zhang's
(2001) experiments.

The brick wall model relates the growth kinetics of AA2024-T3 aluminum alloy to
the microstructure of the alloy. It provides a simple way to quantitatively evaluate the
growth kinetics of IGC for a given microstructure in AA2024-T3. However, the brick
wall model was based on a series of simplified assumptions, which do not provide a
totally accurate description of the corrosion propagation process. In particular, there are
two cases that were not accounted for in the model. First, corrosion was assumed to turn
toward the bottom surface (away from the environment) at every intersection with a
vertical grain boundary. However, a corrosion path might actually skip an intersection
and not turn. Moreover, when a corrosion path does make a turn, it might turn up
toward the top surface (toward the environment) or down toward the bottom surface of
the metal strip depending on the nature of the three-way intersection. When a corrosion
path turns upward and reaches the top surface, the propagation can be assumed to
terminate. Second, a corrosion path was assumed not to split at any intersection while
it might actually split into two corrosion paths at an intersection. Each of these two
corrosion paths might propagate independently in the metal. Accordingly, the number
of corrosion paths increases. Based on the above considerations of corrosion behavior,
a more realistic brick wall model is discussed in this paper.

2. Modeling corrosion growth at an intersection

2.1. Basic assumptions

Consider a strip of metal with thickness T and a total of k grain layers across the
thickness. The widths bj of the grains are taken to be common within a given layer
but they are permitted to vary across different layers. That is,

k

T = Zbj. (2.1)
j=1

Let a denote grain length and assume that it has a distribution with pdf f(a). As
stated in the previous paper (Ruan et al., 2004), both the grain length and width are
reasonably modeled by gamma distributions with appropriate parameter values a and
13. Suppose there are m corrosion initialization points on the surface of the metal. For



556 S. Ruan et al. /Journal of Statistical Planning and Inference 126 (2004) 553-568

Splitting into An initiation ra Skipping an
two branches site intersection

a Turning
upward

b

TST

LT

Tw ecrosion paths reach
the-.. hutm nface

Fig. 1. A graphical representation of the growth behavior of a corrosion path at a three-way intersection in
a strip of metal with k = 5 grain layers. The bold line represents Wi, and a and b are random variables
representing the length and width, respectively, of a grain model. (Note: ST-short-transverse direction;
LT-long-transverse direction; L-longitudinal direction.)

= 1,... , m, let Wi,D denote the distance that the ith initial corrosion path travels to
reach a fixed depth, say D, of the metal. If the corrosion path reaches the bottom
surface, Wi,D corresponds to Wi,. Assume these m corrosion paths are independent.
Fig. 1 is a graphical representation of a brick wall model that represents an aluminum
sample with a simplified layered microstructure. The corrosion path initiated from the
top surface travels along a grain boundary that is perpendicular to the surface. It
propagates along the grain boundary until it meets an intersection. Then, it might
turn to a horizontal direction (either left or right on the figure), or it might split
into two horizontal corrosion paths. In the former case, it propagates along the length
direction of the grains until it meets another intersection. Depending on the nature of
this new three-way intersection, it might turn upward, or downward, or might skip the
intersection and continue propagation along the horizontal direction. Since the widths of
the grains are small compared to the lengths of the grains, it is reasonable to assume
that a corrosion path will always make a turn toward a horizontal direction at the
end of a vertical step. If a corrosion path turns upward and reaches the top surface
again, it is considered to be a terminated path since IGC corrosion does not propagate
on the surface of the alloy. Additionally, it is assumed that a corrosion path cannot
terminate anywhere except the top or bottom surface of the metal strip. In the case
where a corrosion path splits into two horizontal pieces at an intersection, these pieces
are viewed as two corrosion paths having initiated from the same place on the top
surface with a common previous path length. These paths are then assumed to propagate
independently in the remainder of the metal sample under the previously described
assumptions. However, in the case of such a split, the total number of corrosion paths
increases.
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The foil penetration technique measures the time taken by the fastest corrosion
growth path to reach the bottom surface. With the vital assumption that the local corro-
sion growth rate is identical in all directions, the fastest corrosion growth corresponds to
the shortest corrosion path length (Zhang, 2001; Zhang et al., 2003). Correspondingly,
any path that terminates before reaching the bottom surface should not be considered
the shortest corrosion growth path (minimum order statistic) for our purposes.

When a horizontal corrosion path meets an intersection, it can either continue to
propagate in the horizontal direction or turn toward a vertical direction that is perpen-
dicular to the surface. There are two types of intersections, represented by "T" and
"_L". For the "T" type intersection, the horizontal corrosion path can turn downward
toward the bottom surface. For the ".L" type intersection, the horizontal corrosion path
can turn upward toward the top surface. Therefore, the probability that a horizontal
corrosion path turns upward depends on the proportion of the "_I" type intersections
among all the intersections it meets. Similarly, the probability that a corrosion path
turns downward depends on the proportion of "T" type intersections among all the in-
tersections it meets. Let p1 and PT denote these two proportions, respectively. Then,

P1 + PT = 1. (2.2)

Let Pskip represent the probability that a horizontal corrosion path skips an intersec-
tion and let Pup and Pdown be the probabilities that it turns upward and downward,
respectively. Then, according to our previous assumptions, we have

Pup + Pdown + Pskip = 1. (2.3)

If a horizontal corrosion path is known to make a turn at an intersection, the two
conditional probabilities Pup/(l - Pskip) and Pdown/(1 - Pskip) describe the likelihood
that a corrosion path would turn upward and downward, respectively, corresponding to
the proportions of the "_L" and "T" types of intersections, respectively. That is,

piL(0 - Pskip) = Pup,

PT (1 - Pskip) = Pdown. (2.4)

Next, let Psplit denote the probability that a corrosion path splits into two branches at
an intersection at the end of a vertical step. We assume all of these probabilities are
identical for every intersection.

We consider a total of m initial corrosion sites on the top surface of a metal strip.
Propagation with possible splitting results in (m + u) path lengths, where u >, 0 is
the total number of branches resulting from splitting of corrosion paths. Among these
lengths, we let v > 0 be the number of paths terminated on the top surface instead
of the bottom surface. Therefore, the (m + u - v) paths lead to a random number
of corrosion path lengths and the minimum of these lengths is recorded as a random
observation Wmin,T from the distribution of the minimum path length for a metal strip
of thickness T. The minimum order statistic for the corrosion path lengths is thus
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given by

Wmin, T min Wi, T, i = 1 .... m + u - V, (2.5)i=I ,..., m+u--v

where WiT is the length of the ith corrosion path.
Let Wi,D,horizontal and Wi.D,vertical represent the total horizontal distance and the total

vertical distance, respectively, traveled by the ith corrosion path, so that

WiD = WiDvertical + Wi, D, horizontal, i = 1, .. , m + u. (2.6)

Let T,(j) be the vertical distance that the ith corrosion path travels along the width of
the jth grain before it turns toward a horizontal direction. That is,

Wi'o'vertical Ti(j), i1... mi + u, (2.7)

where j E { 1, 2,...., k}, and k is the total number of grain layers across the thickness.
Since corrosion paths might turn upward and travel on previous layers again, the total
vertical distance for a given corrosion path might not exactly equal the thickness T.
Each Ti(j) is, however, equal to the width of the jth layer. Since the width of the
grain in each layer is modeled by a gamma distribution, all the Ti(j)s have a common
gamma distribution. Let Di(j) represent the horizontal distance that the ith corrosion
path travels on the bottom surface of the jth layer of the metal, for j E {1 .... k - I},
where k is the total number of grain layers across the thickness. Note that no corrosion
paths propagate on either the top surface of the first layer or on the bottom surface of
the kth layer. Then,

mi, D,horizontal - DY(A), i = 1..., m + u. (2.8)

When a corrosion path skips an intersection and keeps propagating in the horizontal
direction, the associated Di(j) would include at least two horizontal pieces. In Fig. 2,
we show such a situation where a corrosion path skips three successive intersections
on the bottom surface of the first layer leading to four horizontal pieces that add up
to Di(1). The corrosion path turns downward at the fourth intersection. (Note that
a grain might be intercepted by other grains randomly on either the top or bottom
surface.) Given the length of the grain, the first piece of Di(1) is modeled by a
uniform distribution and is denoted by Hi(l). The unconditional distribution of this
random variable was discussed in detail in Ruan et al. (2004). Briefly, the pdf, h(d),
of Hi(l) is given by the following:

LI=Jfo 1 1 alafd
h(d) = I I a- -llddU a F(c)1)a /

I(-I) F- a` 2 e-a/l da, 0 <d < o, (2.9)

where a > 0 and fP > 0 are the parameters of the gamma distribution used to model
the distribution of grain lengths in the metal.
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Fig. 2. The bold line represents a corrosion path Wi,D. Di(1) is the horizontal distance that the ith corrosion
path travels in the second grain layer.

Once a corrosion path skips an intersection, however, the remaining horizontal pieces
on the grain layer are modeled solely by the gamma distribution without use of a con-
ditional uniform distribution. We denote these pieces by [Gi(1)]s, s = 1,...,n, where
n is the total number of such complete horizontal pieces. We note that this is ac-
tually an upper bound approximation since the last piece of the horizontal distance
might not cover an entire grain length before the path turns again. However, during
propagation, we believe that a horizontal corrosion path is likely to meet many more
"T" type intersections than "I_" type intersections. Therefore, the probability that a
corrosion path turns downward is likely to be greater than the probability that it turns
upward. As a result, the upper bound approximation from using these complete hori-
zontal gamma distances when a corrosion path skips an intersection should not result
in serious overestimation. With this notation, we have

n

Di(l) =Hi(l) + E [Gi(l)].. (2.10)
s=l

2.2. Computer simulation

Under the discussed assumptions, we used a Matlab algorithm to simulate the distri-
bution of the minimum path length. First, the thickness of each layer, bj, j = 1,...,k,
is generated from a gamma distribution. The parameters of the gamma distribution are
estimated via the method of moments (Ruan et al., 2004). The sum of this set of
random numbers is subject to the constraint T = •=1 bp. We must adjust the width
of the last grain layer to accommodate.

For a corrosion path, the first step is always taken to be a vertical step Ti(1), which
is equal to bl. Next, the first Hi(l) from the distribution with pdf (2.9) is generated.
Then, probabilities Pup, Pdown, Pskip and psplit are assigned. As an example, consider

Pdown = 0.8 and Pskip = 0.1 so that Pup = 1 - Pdown - Pskip = 0.1 by (2.3). A random
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a random number Gi( 1) is generated. If w falls between 0.1 and 0.9, the corrosion path
assumes a downward turn and the vertical step takes the value of b2, the thickness of
the second grain layer. An indicator variable, X, is used to record the layer number that
the corrosion path is currently on. The initial value of X is zero. When the corrosion
path makes a downward trnm, X is increased by 1. When the corrosion path makesan upward turn, X is reduced by 1. Otherwise, X retains its current value. X = 0

(except initially) corresponds to a corrosion path that is terminated at the top surface.Similarly, X k if a corrosion path reaches the bottom surface. The minimum path
length is obtained from those corrosion paths that reach the bottom surface.
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Starting from the first vertical step, it is necessary to consider whether a corrosion
path might split into two branches. For example, assume Psplit = 0.2. A random number
r is generated from the uniform (0, 1) distribution. If r < 0.2, the corrosion path is
split into two horizontal pieces. Each of the branches is then simulated separately from
this point on. The total number of branches and the number of the current layer where
the splitting occurs are recorded. For branch 1, the horizontal and vertical distances it
travels are simulated accordingly given the known probabilities Pup, Pdown, Pskip and
Psplit. If there is another split somewhere along the path, the layer number and the
number of total splits are again recorded. After branch I reaches the bottom surface or
terminates at the top surface, the program starts to simulate branch 2. This branch has
a portion overlapping with the first one, so the new simulation starts from the layer
where the split occurs until the second branch is also terminated. This entire procedure
is repeated until all of the branches have been simulated.

The entire set of corrosion paths constitutes a random sample from the distribution
of Wi,D, i = 1,...,m + u. Using the indicator variable X which records the current
layer of the corrosion path, a random sample is generated from the distribution of
Wi.T, i = 1, ... , m + u - v; that is, from the distribution of corrosion path lengths that
reach the bottom surface. The number of corrosion initialization sites, m, is estimated
to be in the order of 103 for this type of aluminum foil penetration samples (Ruan
et al., 2004; Zhang et al., 2003). However, m is assumed to be 100 in this paper
in order to reduce the amount of computation and still illustrate the application of
the simulation procedure. The minimum of these lengths is recorded as a random
observation Wmin,T from the distribution of the minimum path length. A sufficient
number (e.g., sample size = 100) of minimum path length values are generated by
repeating the above procedure. The algorithm of the computer program is summarized
in Fig. 3.

3. Simulation results and discussion

We use the method of moments to estimate the parameters of the gamma distributions
in order to simulate the grain sizes. From previous work (Ruan et al., 2004), the method
of moments estimators for the parameters a and fl for grain length of the AA2024-T3
sample tested by Zhang (2001) are 4 and 0.075, respectively. In addition, from Zhang
(2003), the sample mean and standard deviation of the grain thickness measurements
are 0.05 and 0.032 mm, respectively. Assuming that the thickness of the grains is
distributed as a gamma (a',#/') distribution, it follows from the method of moments
that solving

a'#3' = 0.05

and

a'f3#2 = 0.0322 (3.1)

simultaneously yields ý'= 2.44 and /3 = 0.02. However, since a' must be an integer for
the gamma distribution in our model, we could use either gamma (2,0.0255) or gamma
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Table I
Comparison of the results for gamma (2,0.0255) and gamma (3,0.017)

Median of minimum path Median of minimum path length
length (P.do.=n 1, Pup = 0, (Pdown = 0.94, pup = 0.05, Pskip=
Pskip = 0, Pplit = 0) (mm) 0.01, Psplit = 0.03) (mm)

Gamma (2, 0.0255) 1.296 1.325
Gamma (3,0.017) 1.294 1.385

The number of sums is m = 100 and the number of layers is k = 12. A random sample of size 100 was
taken from the distribution of the minimum path length for each model.

Table 2
Simulation results for minimum corrosion path length when a corrosion path can turn upward or downward
but not skip an intersection or split into branches (Pskip = 0, Psplit = 0)

Sample Pdown Pup Median of minimum path Normalized ratio
length (M) (mm)

1 1.00 0.00 1.296 3.24
2 0.95 0.05 1.358 3.39
3 0.90 0.10 1.438 3.59
4 0.85 0.15 1.485 3.71
5 0.80 0.20 1.580 3.95
6 0.75 0.25 1.701 4.25
7 0.70 0.30 1.828 4.57
8 0.65 0.35 2.123 5.31
9 0.60 0.40 2.275 5.69

10 0.55 0.45 2.787 6.97
11 0.50 0.50 3.686 9.22

(3,0.017) to simulate the distribution of grain thickness. In the case that a corrosion
path can only assume a downward turn, these two sets of parameters give close results
in terms of the median from the distribution of the minimum path length, as shown
in Table 1. In the case when Pup = 0.05, Pskip = 0.01 and Psplit = 0.03, however, the
agreement between these two sets of parameters is not as good as the previous case,
since the median for gamma (2,0.0255) is 1.325 while the median for gamma (3,0.017)
is 1.385. This small difference is most likely due to the randomness of the simulation
rather than the difference in the parameters, i.e., the number of times that a corrosion
path skips an intersection or splits into two pieces is different from path to path. Hence,
either gamma (2,0.0255) or gamma (3,0.017) can be used to model the distribution of
the grain width. For the rest of our study, we use only gamma (2,0.0255) to simulate
the distribution of the grain thickness.

Using the algorithm described in Section 2.2, the influences of turning upward, skip-
ping an intersection and splitting into two branches on the minimum corrosion path
lengths are investigated separately and the results are summarized in
Tables 2-4, respectively. The thickness of the grain is simulated by a gamma (2, 0.0255)
distribution. The number of corrosion initialization sites is m = 100, the number of
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Table 3
Simulation results for minimum corrosion path length when a corrosion path can turn downward or skip an
intersection but not turn upward or split into branches (pup = 0, Psplit = 0)

Sample Pdovn Pskip Median of minimum path Normalized
length (M) (mm) ratio

12 0.95 0.05 1.362 3.40
13 0.90 0.10 1.435 3.59
14 0.85 0.15 1.486 3.72
15 0.80 0.20 1.586 3.96
16 0.75 0.25 1.701 4.25
17 0.70 0.30 1.812 4.53
18 0.65 0.35 1.955 4.89
19 0.60 0.40 2.124 5.31
20 0.55 0.45 2.246 5.61
21 0.50 0.50 2.488 6.22

Table 4
Simulation results for minimum corrosion path length when a corrosion path can split into two branches at
the end of a vertical step, but not turn upward or skip an intersection (pup = 0, Pskip = 0)

Sample Pdown Psplit Median of Normalized ratio
minimum path
length (M) (mm)

22 0.95 0.05 1.232 3.08
23 0.90 0.10 1.196 2.99
24 0.85 0.15 1.154 2.89
25 0.80 0.20 1.142 2.86
26 0.75 0.25 1.092 2.73
27 0.70 0.30 1.054 2.63
28 0.65 0.35 1.042 2.60
29 0.60 0.40 1.016 2.54
30 0.55 0.45 0.991 2.48
31 0.50 0.50 0.960 2.40

layers is k = 12, and the sample thickness T is assumed to be 0.4 mm. A random
sample of size 100 is taken from the distribution of the minimum path length and the
median of these observations M is computed, along with the normalized ratio, given
by the expression

Normalized ratio = "! (3.2)

This ratio is expected to be close to 4.29 for the sample of AA2024-T3 tested by
Zhang (2001).

Table 2 summarizes the simulation results for the setting where a corrosion path can
turn up or down but not skip or split at an intersection (Pakip = 0, Psplit = 0). The prob-
ability of turning upward, Pup, varies from 0 to 0.5 in steps of 0.05. As Pup increases,
the median of the minimum path length tends to increase. For Pup between 0 and 0.5,
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Fig. 4. Effect of probabilities (pup, Pskip, Psplit) on the median of the minimum path length.

the median M increase is roughly linear in the range of 0.1-0.3 but the increase is
more dramatic for Pup > 0.3 (Fig. 4). When Pup = 0, some underestimation exists in
the estimated median minimum path length because the normalized ratio is smaller
than the target 4.29. When Pup is large, the model overestimates this nominal median
minimum path length as the normalized ratio increases dramatically. The increase in
simulated median minimum path length can be attributed to two factors. When a cor-
rosion path assumes an upward turn, it propagates along a more tortuous route than
those paths that do not turn upward. On the other hand, some corrosion paths that turn
upward might terminate at the top surface of the metal strip, thus decreasing the total
number of paths reaching the bottom surface. In this case, the minimum order statistic
is likely increased. However, the influence of m on minimum order statistic is small
(Zhang et al., 2003).

Table 3 summarizes the simulation results for the setting where a corrosion path can
assume a downward turn at an intersection or skip the intersection but it cannot turn
upward or split (Pup = 0, Psplit = 0). The probability of skipping an intersection, Pskip,

varies from 0.05 to 0.5 in steps of 0.05. As Pskip increases, the median of the minimum
path length tends to increase. We note that when the two probabilities pup and Pskip

are small, they have similar influence on both the median of the minimum path length
and the normalized ratio. They demonstrate similar amounts of random variation with
slightly increasing trends. When both probabilities are large, Pup is more influential
than Pskip, as clearly shown in Fig. 4. When a corrosion path skips an intersection
and continues to propagate in the horizontal direction, the total horizontal distance it
travels will increase. However, when a corrosion path assumes an upward turn, both
its horizontal distance and vertical distance traveled will increase. Additionally, Pskip

does not have the potential to decrease the number of corrosion paths that reach the
bottom surface as does Pup.

Table 4 summarizes the simulation results for the setting where a corrosion path can
split into two branches at an intersection at the end of any vertical step but it cannot
turn upward or skip an intersection (Pup = 0, Pskip = 0). As with other settings, the
probability of splitting at an intersection, Psplit, varies from 0.05 to 0.5 in steps of 0.05.
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As Psplit increases, the median of the minimum path length tends to gradually decrease
linearly (Fig. 4). The influence of Psplit is relatively small compared to the influences
of pup and Pskip. The decrease in the median of the minimum path length is due to
the fact that the minimum order statistic is likely to decrease as the number of paths
reaching the bottom surface increases. In the case that Pup and Pskip are both equal to
zero, the total number of paths that reach the bottom surface is the sum of the number
of initial corrosion sites m and the number of splits that occurred during corrosion
propagation. However, the effect of the total number of paths on the minimum order
statistic is relatively small compared to the effects of Pup and pskip. Fig. 5 shows a
representative sample of the number of splits that occurred for each Psplit. As Psplit

increases from 0.05 to 0.5, the observed number of splits changes from a magnitude
of 102 to 104, but the variation in the median of the minimum path length is less than
0.3 mm, as shown in Table 4.

When the horizontal step is allowed to split into two pieces, one that keeps propa-
gating horizontally and the other that turns to a vertical direction, the total number of
paths increases. However, compared to the case where only vertical steps are allowed
to split, the effect of the added number of splits by the splitting of the horizontal
direction on the minimum order statistic does not provide additional interesting infor-
mation. There are two explanations. First, when Psplit is small, the total number of
splits is small and the number of splits added by the splitting of horizontal pieces
is also very small. Therefore, the decrease in the minimum order statistic due to a
slightly larger number of paths is small. When Psplit is larger, the number of splits
increases substantially for both vertical steps and horizontal steps, from the magnitude
of 102 to the order of 104-105. With such larger number of paths, the decrease in
the minimum order statistic levels off. Therefore, the number of splits by adding the
splitting of the horizontal paths also does not significantly affect the minimum order
statistic. These simulation results agree with previous comments by Zhang (2001). In
conclusion, our previous assumption that a horizontal step is not allowed to split does
provide sufficient information about the influence of the splitting of corrosion paths on
the minimum order statistic.
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Table 5
Effect of increases in the number of layers on the median of the minimum order statistic (Pdown, = 0.94,
Pup = 0.05, Pskip = 0.01, Psplit = 0.05). Sample thickness T = 0.4 mm

Number of layers Median of minimum path Normalized ratio
length, M

8 0.932 2.33
9 1.004 2.51
10 1.130 2.83
11 1.251 3.13
12 1.325 3.31

Table 6
Simulation results for combinations of probabilities (Pup, Pskip, Psplit). Sample thickness T = 0.4 mm

Sample Pdown Pup Pskip Psplit Median of Normalized
minimum path ratio
length (M) (mm)

32 0.85 0.05 0.1 0.1 1.348 3.37
33 0.8 0.1 0.1 0.1 1.395 3.49
34 0.75 0.15 0.1 0.1 1.531 3.83
35 0.7 0.2 0.1 0.05 1.799 4.50
36 0.7 0.2 0.1 0.1 1.703 4.26
37 0.7 0.2 0.1 0.15 1.728 4.32

In addition to the behavior of a corrosion path at intersections, the number of layers
in a metal strip is another influential factor that affects the minimum path length. The
more layers there are in a metal strip, the smaller will be the thickness of the grains.
Clearly, the minimum path length is an increasing function of the number of grain lay-
ers since that means more intersections within the metal strips. Thus, there are more
opportunities for corrosion paths to turn up or skip an intersection. Of course, this
also provides more opportunities to split into two branches, but, as noted, the effect
of splitting is much less than the effect of either turning up or skipping. For example,
suppose metal strips of the same thickness (e.g., T = 0.4 mm) are used for the simu-
lated experiment. All other parameters are the same as described previously except the
strips have different numbers of grain layers. The simulation results are summarized in
Table 5. It is interesting to note that the median M is increased by approximately
0.1 when the number of layers increases by 1. In this model, the number of layers is
variable because the grain thickness exhibits a distribution. In reality, the variability in
the number of layers for a sample of a give thickness is small.

For a given metal strip, the number of layers is fixed. Therefore, we can adjust the
probabilities (Pup, Pskip, Psplit) to provide combinations that yield good fits to the data.
This can be useful in providing information about the possible corrosion behaviors
in the metal. The following are simulation results for several combinations of proba-
bilities. Comparing the normalized ratio to 4.29, it seems that the samples 36 and 37 in
Table 6 provide a good fit to the data. Such a combination is not unique. As
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mentioned, the Pup and Pdown are related to the chances that a corrosion path meets "_I"
and "T" types of intersections and Pup is much smaller than Pdown. It seems that for
given Pup and Pdown, Pskip and Psplit can be adjusted to get different normalized ratios.
However, estimation of these probabilities is not yet available from experiments.

4. Conclusions

In this paper, we discuss an extension of the brick wall model proposed by Ruan
et al. (2004). The basic brick wall model underestimates the minimum path length
that a corrosion path travels along grain boundaries in an aluminum alloy sample.
This problem is addressed by modeling the behavior of corrosion paths at intersections
of grain boundaries. Situations considered include the cases where a corrosion path
might assume an upward turn, skip an intersection or split into branches. We found
that small percentage changes in the probabilities of any of these options can result in
significant changes in the median of the minimum order statistic and the normalized
ratio. However, with a proper combination of these probabilities, the extended model
is able to obtain a good fit to the experimental data. This extension of the brick wall
model represents a more precise description of the growth kinetics for AA2024-T3.

Even though it is still unknown in practice what values are reasonable to assign
to these probabilities for this type of alloy, the simulation of such phenomena can
provide useful quantitative insights into the understanding of the corrosion kinetics in
AA2024-T3. If deemed necessary for a given metal alloy, further refinement of this
model is also possible. For example, a corrosion path might have positive probabilities
to turn to one direction or split into two branches no matter whether it is at a horizontal
or vertical step. That is, even at the end of a horizontal step the corrosion path might
split into two branches, where one branch skips'the intersection and the other turns to
a vertical direction. Also, it is reasonable to allow a corrosion path to terminate within
the metal when it meets another corrosion path from an opposite direction.
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her (t at cotrrosiot i nit iali ,at ion pointis on) tle surface of the stiatisic for the horizontal distances Wt.t.trui, that the corro-
met:1t. For i= I ... n. let I1.1 denote the dist;iC, that tihe ilh SiOti paths, travel.

Figure 1. An Optical Micrograph of the Long-Transverse Section of the AA2024-T3 Sample.
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i)4.iSPcial Cast, I. When y = 2 and iH is arbitrary. Di(j) has
a gamma(l, 0) distribution. Bccause W'.),hrdis is the sum, of
k jid gamma(l, fi) random variables, it will be distributed as
gamlnia(k, t3). Using the well-known relationship between in-
complete gamma integrals and sums of Poisson probabilities,
its cdf can be expressed as

sl I

' = 1 -- F F�kV- e"dv

Figure 2 Brick Wall Model. The bold line represents Wi D, (j) is the
horiontat distance that the ith corrosion travels in the jth grain, a is wI - . n > 0. q1 > 0. (4)
a random variabte representing the length of a grain, and b is the width
of a grain and is assumed to be fixed in this model (ST short-transverse
direction; LT long-transverse direction: L, longitude direction.) Letting It', 1,hjdj denote the minimum horizontal distance

traveled by the in corrosion growth paths, the cdf for

litV )).hri i, given hv
3. STATISTICAL FORMULATION

P(IV', , rti, 2 W) I j I - Fi.hir tw) "
The grain aspect ratio is determined by the grain length. a,

and width. b. Because the grains in any sample can have a range We-w 5
of sizes. a and 1) can be viewed as randonm variables with cer-
tain distributions. In the brick wall model described previously.,
b is asiinicd to be fiked. From the study by Zhang (2001), grain For given k, in, and ý, we can easily simulate observations from
size a haI a distribution skeksed slightly to the right. We choose this distribution of the minimum corrosion path length in the
to model this bchavion, b- a gamima distribution with parani- special case ofte = 2.
ters a and /f, denoted by gamma./(u, P). When the mean. L, and Special Case 2. When a is an integer > 2 and f1 is arbi-
standard deviation. Sj.. (if the observed grain lengths arc knj(oln. trary. proceeding as we did for Special Case I, we find the cdf
the parameters u and /P can be estimaited by the method of nim- for D,(j) to be:

111011s through tile following two equations:

aF=L. f (2t Fd h(u) do - - du

For inh.ergeranl u I r corrosion. the corrosion path is always stLp- I t. 24•L' dl
posed to follow the erain boundaries. However. the palh niight [il l (t+ I) j
or inmllih tnot aSSalllm a Iturn at an intersection of several grains.
and a raim can ilersect ws.ith other grains above or belowv it ran- d-,( (df+ (d/fi)~
dolily along its length. Therefore. for given grain of length a. I -[ ) t)Tthe. hoiothfdsaneIlt a cor~oltrack ,on tile Surface ,o -,r
110e grain c an be inmodeled as a randoom variable unifo)rmly dis- 0 < d < co. (6)
tribhted on the interval 10, ul. Thus for given grain length a, Closed-form expressions for the distributions of Wu)Ii,
1),(,j is uniformly distributed on Il . a,]. Combining tile mar-
ginal panmtnia pdf f'or a with the conditional uniform pdfofD,(j) and W1 ID ti' arc not as tractable in this more general setting.given C . the unconditional marginal pdf ofDj) is given by H-owever, numerical methods can still be used to simulate the

distributions of Wi.l)hnrdti. and W, I Dj.hordis. We carried out such
f a simulation by first generating a random sapl)]e of Di(j) val-

S/uties with j = 1 ... k from the distribution of Di(j). We then

computed the sum of these k random numbers. yielding a ran-
_l - !,'" 1 ) __a,_ 2,-/h 1. dom observation from the comnmon distribution of Wtjjfordk,

(Ci 1/ .t *i ld, - = 1. - ... in. %%where in is the number of corrosion initiation

0 < d > 0. /0 > 0. (31 sites. We repeated this process until in such observations
were generated as a random sample from the distribution

Using iteraled expectation and moments of the gamma and of 1 i.I).t' ord,. Because W,1 I.).hiidj,, is the minimum horizontal
uniformn distributions, it follows that EID(.i)j = ayft/2 and distance among the m corrosion paths, the minimum of these ni
varn Dij)] = a13-2(4 + Loll 12, for i = 1 ..... in andj = I ..... k, simulated values from the distribution of Wlhlh, represents a

A closed-form expression for It(d) is not always attainable, single random observation frtom the distribution of W4 ),).DIoraji,
Hoev\er, such an expression can be obtained in two spe- Thus tle distribution of Woj).nhtordtis can be simulated by repeat-
cial case,. ing this entire process a sufficient number of times.
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4. APPLICATION OF THE BRICK WALL MODEL TO Zhiue (2001 lalso collected a _sample of 120 grainl widths
CORROSION DATA for which the average width was h=.05 mmr, Vie%%ine, this as

Zhim, (00 ) ollcie (lna n gainlenth, fo- smpls a it xed constant width (as asmitmcd for thle brick wall model)

ahilii Fi ii to saiip~s for our alloy strip of total thickness 7T= .4 nmm. the niumbher of'
almrtmallov A\A 2112t 3 -rasmpeo i 2.h raiuns t rave rsed by each corroshion pathI wasý taken toilhe

fut~itIn th I asi era-C Vri 'Iin Iernil to 1( be .3 nun and the samuplo tn
daird dvs\ itiimn for thewseIcn~Lh, ito he .15 nuln. WL' uISC the'se dtanu 7' .47-- - -7 = 81 7
Iio illiistrai 11cth applicitoitil of ouir brick %% 11ll model to) corimoiitm ) .(IS
datla for this ll .Firm, acco ndItit. to tI ic mlet hod~i-oftni mien F' which I correspoinds~ to te pre sentin g thle mealsrip as,, cotn-

l~cxp ',~io (2 i. \ o\ e iis tile t\ o eqiilitioiis prising ei-lht grain avers, each such tnrai of averagc widthl

=.3 and ýP2 = (.15)2 Ii .05 nliFu. Thisl- for our brick wall model, each hori/imtal
corrmosioit Iittli can be represeiited i, it ,umi of' -. = ijil randoini

o iibi~iiini lie e~stimatedl parnimi'er" (e = 4 and j, i7 Ti" is variabhle, 1),(j ,j = I ý...X
IcNId- to FILe (iSOC 01f a1 Eattiiiil4, .0175 1(listrihutioii to iiodId' ili TIK tuiiiier of cotTrso~jo ittitialiiation sites. mt. is esti-

1iipiiitiiiof raii lnehs.(Noe: e equre hatu e at i td from the grain dimensions and thie l1imsibll numi~ber
teO.Iliu!re .3 aio pciv the histo!raii ofi thle u'ril Ilntlivmý antd .,

-. of c~ortroliot itiitalizatioifl sites, assoctated w5ith cacti grain.
Figukre 3 t cise thle plot of qiiantilc, fir the datal sersii' (fuIIn /IZi'e l 2111etmte h une fiiilcro

tile, Ft flie aniil.0)..17S) distribution. 'Fhe Kolninororn sioti sitCes, /i. tii be 1,000 for the lkillowsinti cotnditiotts: graiti
Sniii~ uodies-o-lt tstto coin~iditriuton ili S iz Lke ii 1 thle Ti i cii strtxct u re of h r-tasvese satples
p vlue. .5. lhu m~e cF~inal.75 ditriutiti rusdes of tile alloy used in thle experinments, exposed area eqital to
reastiale it or he rai leighd~ita.ab ouglite areeent thatl used Inl thie foil pentetraFtiont experimentt ( I em2l ). and
ts ot s godat he xtritc iuattils.each grain produicing about.1 four itnitial corrosion sites for

IOIC growth alorw thle 1-lonitde direct ion. Therefore, it] this
(al simutlaition stuldv' In is fixed at 1.000). To simlatekli thle lcncth11

of at given. sam thle ith. cotrosion pathl uider this; brick wa-:ll
model, wec generated eight itidependenti raiidomi variables

I) I). I), Zind ailr dded t01e in to obtain thie total ra udi in)
liiri/ontal le0tt /h(J1i! )l for thie ith corro-
sioti path. We repeatedl this process 1.000 inites ito obtain
a matidoiri sattple of 1,.000) independetit corrosioni horizon-
tal p ath Iletng th s W1'~.t.'.1i, itiiiir),li ..... Siniul ated frotm

our brick %\ all model for this alloy. The smuallest sum amiong
I these I .00( hoizi on tal path lengthlS lien represent, sa single ran -

¶ 2 3 6dom ii (b'L'rsation trom the disri nithut i oil titlie mit]iimittii order
statýistc (li-, 1~).Phoimi, = tniinl V1 ~lt~o~ Ii,l),1mi,--- 1) h(,,r1 t0RIl. We

11 --.--.-. ~~repeated this comiiplete process5,000() Fitimes Fto provii idamati random

10 eperformed these s~it iiu at iou s itvigL thle 13 I yde n rnethi x

9-in Mlatt~ab IBroyden 19701 to itivert the cclf h"(cf it (6)1 with

8- prccisiori 1.4 x 10 ". TO illustrat-ile t11e appliCaiotil Of' this Comn-
putei prog-ram. Figure 4 prem an examtple of (lie hiistogramt

6. 700 C __ _ _ _

5- 600

503 500j

2(3 t 400

~-300.1 <
01- P

001-1 200 --
0 - -

0 2 . 4 . 6 .7 .8 .9 100 1 i

Grain Lerqoli 0 u..

Figure 3. (a) Histogram of Grain Length, a. M~easured Fronm a 00 0 1 0.2 0,3 0 4 0 5 0 6 0 7 0 8 0 9

Short-Tianrvo'ers Section of an Alumminm Plate. Alongo Willi the. Denosiv
Ctrve of Cammn(4. 075). and (t)) Plot of Duantiles of the Data Versus 11I
Oua~ntuei3 of die Ganimai`4_ 075) Distribution Int (bi), the dbtoted lines pro-
vido a 95ý,. con lidenre finterval and tlie probability label is given in the Figure 4 Histogiam of a Random Sample of Size 10,000 G~enera~ted
right side of the plot From the Distribution of D, (j).
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400 - .still fixed to he T; Di(j) represents the horizontal distunee that

the ith corrosion travels itn the jth grainl and , is the

total horizonti d distance that the ith cotrrosion path travels in300 --

the mietal, with j = I..... k and i =I .... m. Let Hi(j) be the
>1 ' !vertical distance that thie ith corrosion travels along the width of

2 200--- the jth grain before it turns onto the (ji + I ),, horizontal layer.

Finally, let , 'et.Ibe the total vertical distance traveled by
1.. r the ith corroionv: thai is.100 1

-- 7 HIH..:d:l fi j), i = 1I ._..m.

"0 -........ 11..... 1 - T ..... (-- -" --- -- L...... ... .. i+-- -.

0 10 0 15 0 20 0 25 0 30 0 35 040 045 0 50 0 55 Of courwe, a corrosion path must travel throuch the same num-
ber of ,tepc, in the vertical direction an. it does, in the horizontal

I I ,.,,, direction, and wve let 1, be thie nutihiber -of tnrns. It is im1portantI o

intotc that W 1i,,C;a,,,i is not ralndonti, becautise it intlm eqital thie

Figure 5. Histogram of a Random Sample of Sire 5,000 From thO thickness of the met:w! strip T: that is.
D istribuhti of 140 , D, jordjz W ith Fixed k ý- 8 , T.

H 10 toei er. the utimher ol iturns., k. for a corrosion path in
I tio1(.1and hrme loi resen brs at i stos fro am the common Dom 1 istri- this ndifid brick wall Model is now a random quantity

but on. and Iiguire 5 presens the histogram for the randoml 'an- that depends on tile distribution of the width variable b. That
pie of 5. 0t0I obser\s1atior, i 'roni l tile di•tiributtiOi Of Wjlli) rdi, is,,., the number of terms.i. k. it the sttim for W .1 jj.enic;il is

The median for these 5010 Illminimum1 obsersat ions wa. then now random. To indicate this randomness, we tuse the nota-

cacufated it, he W', .1', _36 nin. tion K rather than k throttlglioiut the rest of" onur discussion
On the, hkwi, of' ('00 penleirmtitn experiments to+r AA20)(I4-On. thiasis of001 )i ' ene tratitn eraerio of ements anb A (if t about tile mtodified brick wall model. Suppose that the pdf of b

T13. Zh n In 11)1 ftu thi i ht.!I ath raticalof the medioan p th the is (/0). Giveni b. H,(jI w ill have a distribution with conditional
riitmUlitt iota! (hor ion tahI and ie rt ia! c<i err 4.s2ion path lh i dtf(h). Therefore. the total distance traveled by the ithl cor-

norit nat iired by' thle sanm pie tlt ickiless is approximate le[ 4.29: thin
romion thrOtldh tile. MerIt is

is, hie f'ound that t Z

medialn hori/onial pathi length -' T 1  i./l.tt•riicaI + tlI/u'd+
= 4.29. (8) K K

lhowever.t our simulatitn resulit' yielded a simulated value of E/ H, (J) -- + EDtiJ
j --l j:•-

, O ,-.i, -+ T 7 .30- + .4S. . ..... . . . . .. = .... . 1 .9 h"

T .4 7 ) i= I... (9)

for this lnortmali/ed r:tiio. which substanlliatlY utnderestimates

Zta ngs exp-i meal restlts. Now we can use our experimental data to estimate K, the
O)tie possible rca sorn 6w thftis tow\ normalized ratio ohtained pontddaatesitethOneposibl raso I~r (islownoraliedrato oiaied nulmber of turns.• that a typical c'orrosion path will maike during

front our simulthtied brick wall model is the potentia!l inaccuracy
of the s i it pIiIi ed a sUipti, i o thIi atithe graiii width is the sante () its propagation throtulgh the metal.. AssUTneI that K is indepen-

lor every ,irain. Aceortlilg to Zhlang (20(1!). erat ins \'arv in both dent of II,1I). .- I .. ,. K. Because the mctal strip thickness

width and hlenglh. Therefore, we need to modify our brick wall isT= H. 11 and the H (, .. K. are identically

model to account ifor the randomnet of tile grain width (vertical distributed, we have

path! ditt-ldh es) as well as tltrt of the grain length (horitiontal 7'K' - (10)

path1 1 dWisaces, 1. EJI=E111 (Ifl)10

Taking the same approach that we used with the horizontal

5. MODIFIED BRICK WALL MODEL grail lengttlý. we ass•une that the vertical grainl width ib also has
ai gamma distribution but with different parameters .,' and fr.

"lT Itndil'y the brick wall mitodel, we assume thai the grains Given b, we assumle thatl Hi(j) has a uniform 10, b] distribution.

arc rleeimnolar itt shape and that adjoining grainis can intercept Ag ain using iterated expectations, it follows that
wilih each other rand-nils, althn either ihte lcill or thle widlh /"11Elf] (1I I = u'P;'/2 = E!/,l/2, H11I
of iotlier graits. rinder thllese conditions. we drop tIhe asskunp-
lion Ihat b is fixed and instead model it as a randtmn \varialehc C ombintimg, (1() and ( I ) leads to
with pdfl'.(1it. The other asýsutptitip s in the previtlus brick wall 27'
imtotoel rmaitmi lpplicable here. For example. we cointitne to as- EIKI = --- . (12)
stint Iellt tihe coriosioin pail,, slari from one sidtc of the strip LI
and tia\ el ihronutghl the mietal to the other side. propavating onl W"We call then use the observed data on grain widths to esti-

alone tihe graiith botmitd:trics. TIthe thiciktness of the metal strip is mate 17l hI and. subsecquent'ly, the it Lither of turn's K.
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6. APPLICATION OF THE MODIFIED BRICK WALL vatious for the mnotlified brick wall model wa,;s calculated tio be
MODEL TO CORROSION DATA If' i , . : I.10 illmf.

With ilde dLIOubled v'alue for 'i K I and at fixed metal thickness,

Note that for fixed T and b = , the esiinmated value fhr thie median of' tle minimum order statistics will certainly be

the a' erarae nunlbcr of grains. ElK 1. Iraversed by a typical cot- larger under this modified brick wall model. This will lead to

rosion patlh obtained from (121 is tIVice as large as the value fin improved normalized ratio and a better fit of the model to

su !,cest;l,.c by (7) when the ra nd in .e,,s of diet grain Nvidth ,'was Zhaing*s expernintntld findings (Zhanc 2001 : Zhane et a]. 2003).

not lakei inmt ac.'eu int. Tl'he he that the \;ttlie of '[/ K] fro (t 12) Specifically. tile mod lfied brick wall modeI yielded a sinmi)ated

is larer than lf;tt oblained front (7' is. not surprisnri. hecause normalized ratio value of

lakine illh) a.ICCLounL additional randolness is. bound to lead to

an ircrueC. in this filuir,., IlowvCver. WCe were: a hit bit.,l_lrpriu.sed that litl 1 7. 5,hi. (13-
the* Csdttr.;.C of tite lal' er;._c truiUlnberof irl, tis k.ll ak b\ al cotlosoti l 1 .4

palh lcI:tllly\ doubleId ,, hell tle•. r.lilldtIO1lle.S. 01' tile •L'lin W'id~ll
pa~i takenintoadouble rtte d ofh i(learly, thi, providc, a tiltch cloer malch ,\ith tih experi-
w5~i tasnket trio ,.twtttit. menial %alut ,8) of14.2) observed h\ Zhane i2(t001 . I-owes\r. a

(itlie ac'irt we,0 tOte% idiulaliCo aid l he experimental find- small 311a11101 of uinderestirinatioti remains. One possible reason

ines of 7.b.-( 211))l It t evahluate. he tiiodified brick wall tiodel. for this is that the actual corrosion likely propagates inl three di.
Thre estimltes d 4 a-ried = .075 in the gall111,fo mIdel fril" the mensions ralhcr than the simplified twov-diniension rlmodel that

horizontal ditanc,,es, tremint the same fo•r the modified model. - u ha-c' assutncl'. lIt lhus beetn roted that the typical grain size
The onlv change in tie ,sintularort , , is tha th total loll iroehsl third dimfension is, conslderably h larger thall thal ill ei-

izontlil distance (rartelhd b[ a corrosion path is now ,viodehcd it, ther ill dlie oilher two, directions (Zhankg 2001: Zhang el a].

be at suiri of, A.' I 16 = the estittiated averae n tubnler of tLro.t 2003). Allowing for more conplieated Ftret-dirensiital travel

icl ndlependent Ithorizontal distlriUces., rtother thlin as usedtl in tie could lead it til a even larger estimate for the averace number of

originthl brick \Nall nioldcl. steps. El KI. ard. sui sequntnl to a latter iimiilared yahre ofthe

"TO sinilac tihe hori/onial length of a given corroision pPath mtinimuimn corroitioni path length. Another possihle cause of un-

itundte r this modified brick wall indetl. we gneerated 16 inde- de"restlin ration is tihat a corrosinn pailh mighti not turn at every,

pertdent iidi irus ariaih.I es Oil I .. )1(16) and addted them Iito nlltrseCtion. T'his could lead t.o LAi Considerable increase in path
obhain tie total randonm horiiontlal length for the path. We once lenillh. Still another posshibilits, is that a corrosion path could

again repcatcd this process I.000) times to obtain a ranrdom11 tu rn in bith directions at art intersection. This would leacd to an

,,apIe p1 1 o .(0•f nilfI :tec iitldpenenlt corrosion hionrit/nal increase in lie nitimber of corrosiott siies a ita decrease in the

pal ItInut Its for ihe rnmoditied brick wall riodel. As bef ore, mininium path lnug i. Dealing wit i all of tile aforemeilntioned
hie smallct,,t sin from thles I1 .00t)0 simulated horitontal patlI possibilities requr ires tlore complicated mnodels; however, the

lenI•ths repreeniis a sirigIc observaition friomn the disiribitlion experh uotlal daa rteodeI ti evahlate thiee in ire corn plieared

of tie tiiiunn order nalitic Wt, i, .thrihst. We repeated thlis models arc not availahle at pr"ent.

coinpletC proce-ss 5,000 littieues to provide ai random samittple

of site 5.00(( f [r nT tile distlilbtion of I-VM .t /I.• qjj,-The Iis -
toLin'lm for lhCsc 5.0))1() vahles o1f I' ljhj,r,ti, is lpresentted in 7. CONCLUSION

hilLlgrc 0. The s;ýi iiplC rcdi liln fl•r these 5.0)(0 illillmntlilu oh.se-

Ihi this article we report a brick wall miodel to describe

the IGC grovtih kinetics, The mniodel considers thre influence of

400 - the siue and aspect ratio of grainis on cont)inued propagation of a

corrosion path along [tlie grain houndaries in an) alinlinitn iaI lo.
tBased otn this model, we derived the distrihutioitn of the mnin-

300 --J J iinun order statistic correspunding to the shortest path length

I . from the distribution of the dislance that corrosion iravels aloing,-j.

200 one grain. We discussed tile appropriateness of the nodel and

r"moditfietd lhe model to tlake into account varying grain w\idlls.

"The modifitd brick wall niodel provides a good fit to the ac-
100 -. rwil experimental result and can also be used io describe the

corrnsiron kinetics of Other alloys with layered stl'rctuilres. Fil-

0 - . 7-..... ft I 1 F turtutlly will include various modifihicatiorns of the models to
---- mtnake therm less restrictive. Nevertheles~s. nioclelino ofcorisioni

06 0 7 0 8 0 10 1. 1 2 1.3 1 4 1 growth kinetics is at complicated task that merits further effort

o ,>/i:'. ~ iiin ligIt of tile varions featu res of corrosion theories for differ-

ent al lovs.

Figure 6 Histogram of a Random Sample of Size 5,000 From the
Distrihulion of V"!;. D, 0 or:,O5 With E[K] - 16. [Rc,', ,, f-',tit, 2Wt2. RASiv.',! I,',')',,,,t 2•)2 1
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Abstract

Quantitative aspects of phase-contrast microfocus X-ray imaging of structural

materials (Al alloys and polymers) are considered. The effect of the experimental

parameters on the phase contrast in the hard X-ray regime is investigated for

application to nondestructive evaluation (NDE) of materials. For this the diffraction

field in an object from a small finite X-ray source is simulated and the effects of

geometrical and material parameters on the X-ray phase-contrast image are obtained.

Experimental phase-contrast images of small defects are obtained with a 5 micron

microfocal X-ray source and compared with those from computer simulation as a

function of geometrical magnification and photon energy. The phase-contrast X-ray

imaging provides enhanced image contrast and improved edge definition and is

important for further development toward NDE of structural materials.

* Corresponding author rokhlin.2@osu.edu



1. INTRODUCTION

Due to their high penetration depth in materials, hard X-rays are widely used to

study the internal structure of objects. With increasing photon energy, the ratio between

refraction and absorption coefficients of X-rays increases, indicating a substantial phase

modulation effect by the object of the X-ray beam transmitted through a material. This

phase modulation may significantly enhance X-ray images when properly used. A

noninterferometric phase-contrast X-ray imaging technique was explored by Davis et al.

19951, 2. They first introduced a phase-contrast technique using highly coherent

monochromatic parallel X-ray beams produced by a synchrotron source equipped with a

monochromator, a reflector and a crystal analyzer. The technique was realized in an in-line

projection setup. The advantages of the phase-contrast technique over conventional

radiographic imaging for low-absorbing objects such as biological tissues were

demonstrated. In the same year, Ingal and Beliaevskaya 3 reported a similar phase-contrast

technique using a slightly more complicated X-ray optical apparatus. Snigirev et al 4

showed the possibilities of the X-ray phase-contrast imaging technique using radiation

from a third-generation synchrotron source. They also demonstrated the technique for

simple objects and later applied it to microtomography of thin fibers5. The same

synchrotron X-ray source was used by Cloetens et al 6

The phase-contrast technique based on highly coherent parallel X-ray beams is

costly and is restricted by the need of access to a high-energy synchrotron source 4-' and

sophisticated X-ray optics 1-3. A significant advance in the field was made by Wilkins et

al 8 who found that a source with high spatial coherence such as an ideal point source can

be used instead of monochromatic radiation with high lateral coherence. Moreover, the

possibility of using a polychromatic X-ray source was suggested. These significantly

simplified the instrumentation method indicating that the conventional fine-focus

polychromatic X-ray source is suitable for phase-contrast X-ray imaging. A theoretical

formulation of X-ray phase imaging with a monochromatic point source and a phase

retrieval method were presented by Gureyev and Wilkins 9 . More recently the phase-
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contrast technique has been applied to phase retrieval from X-ray images 9, 10 and for X-ray

tomographic phase object reconstruction. An introductory review has been given in Ref I.

The main objective of this paper is to demonstrate the applicability of the phase

contrast method to nondestructive evaluation (NDE) and to optimize the method for

imaging of structural materials, such as aluminum alloys. We first describe a model for

phase-contrast X-ray imaging using a polychromatic, finite size X-ray source and how we

apply it to experimental parameter optimization. Next we discuss phase-contrast

microradiographic experiments performed using a polychromatic micro-focal X-ray source

on epoxy and aluminum samples with defects and compare experimental and simulated

results. The effect of parameters that determine the structure of phase contrast images is

examined with relation to the technique is applicability for NDE of materials.
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2. THEORY

2.1 X-ray transmission through material

The physical principle of image formation in conventional industrial or medical

radiography is based on X-ray absorption in an object. However the thickness or density

variation of the object leads not only to X-ray intensity change, but also to change of phase

of X-rays passing through the object. The change of phase, in turn, leads to change of

direction of the X-ray propagation (refraction).

Let us consider X-rays propagating through an inhomogeneous body D(x,y,z) in

the z direction. The absorption and the phase induced modulation of the X-rays transmitted

through the body along path L described by the complex transmission function F(x,y) of

the wave u

u = F(x,y)exp(ikz); F(x,y) = e-k(x'y)+ikVI(x'y) (1)

where k = 2r / A is the wavenumber of the X-ray in vacuum and A is the wavelength.

The phase change of the X-ray passing through the object is expressed as a line integral of

the decrement of the X-ray refractive index 8 along the X-ray path L

y(x,= -) 6(x, y, z'; k)dz', (2)
L

and the X-ray amplitude as a line integral of the absorption index ,8

P(x, y) = Jf/(x, y, z'; k)dz' . (3)
L
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where the complex X-ray refractive index of the object is defined as n = (1- 8)+ i/i .One

should notice that the real part of the refraction index has the opposite sign to that for light.

Both the refractive index and the absorption index depend on frequency or photon energy.

As an example, Figure 1 shows the complex X-ray refractive index of polystyrene and

aluminum, which were calculated based on the available data12. Since the decrement of the

refractive index 9 is extremely small, for example of order 10-5 at 10 keV, the refraction

angle, that is, the shift of the X-ray beam is also very small, i.e., a few arc seconds in a

distance of several meters. As shown in Figure 1, 5 and 8 are of the same order for very

low X-ray energies while with the increase of energy the absorption index drops sharply so

that the absorption imaging loses contrast. In the higher energy region the refraction index

9 is everal orders of magnitudes higher than the absorption coefficient (in most

materials 8 S (10' - 10) x,8) and phase contrast imaging may be possible even when the

absorption contrast is too small. In medical X-ray imaging, this allows minimizing

radiation dose during radiological examination. As shown in Fig. 1, the 5//3 ratio for

epoxy is higher than that for aluminum; this indicates that for low density materials the

phase contrast advantage is even more significant.

2.2 X-ray Fresnel diffraction for a monochromatic point source

In this paper, we consider the diffraction of polychromatic X-rays from a finite

focal size source accounting for the X-ray absorption in materials. We start with the

theoretical framework of Gureyev and Wilkins9 by analyzing the diffraction field of a

monochromatic point X-ray source as a spatial Green function in the frequency domain;
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however we retain higher-order terms in the asymptotic evaluation of the Green function in

the image plane. Then, we obtain the diffraction field of polychromatic X-rays radiated

from a finite aperture by integrating the Green function in a frequency band and over the

source area.

Let us consider an aligned X-ray setup with the coordinate origin at the object

center. The X-ray point source is located at (x., yo,-R, ) and the image plane is at z = R2

in which the refracted X-rays form an image of the object as shown in Figure 2 (to allow

further integration over the finite size of the source we shift the point source from the axis

z). The X-ray field from the point radiation source at a point (x,y) in the plane

immediately behind the object can be expressed as a product of the point source radiation

field in the absence of the object with the complex transmission function F(x, y) defined

in Section 2.1,

j _kRi2+(x-x 0 )2+(y-yo)2W(x, y; xo, Yo,-RI) e=kV, F(x, y) . (4)
VRI' + (X _ X)2 +(y _ yo9)2

For large source-to-object distance R, >> A and R1 >> D (D is the size of the object field

of view), the transmitted X-ray field can be approximated as

ik[R (X-Xo)
2

+(Y-Y 0)
2 1

W(x, y; xo, y0 ,-R 1 ) : F(x, y). (5)

During the transmission of the X-rays through the object, the X-ray wavefront is disturbed

by the object and its direction of propagation is modified. Appling the paraxial (small

angle) approximation ", one obtains the standard Fresnel diffraction integral for the

6



diffraction field of the transmitted X-rays in the point (x', y', R 2 ) of the image plane as

shown in Fig.2

ik eiJ? ik[ (x-x 0)
2 

+(Y-Yo)
2  

+

u(x', y', R 2; x,, y,,-R1  i ~e 2R, 2R2  F(x, y)dxdy,
2)r RIR 2

(6)

where R = R1 + R2 and R2 > D, 2. The asymptotic values of this integral (Eq. (6)) for

R2 > D,2 are evaluated approximately using the method of stationary phase13 '. The

stationary points (x,, y,) are obtained by solving the following two algebraic equations

xo x' R 2  1 (Y

N M M ax

YS N M+L2M"W ( s y,)=O' (8)

where M = R / RI, and N = R / R2 . Note that M is the projection magnification factor of the

object in the image plane. The stationary points are physically those points in the object

through which the refracted rays path and produce the most wave contribution in the given

point of the image plane (x', y', z'). Only one stationary point exist in this approximation 9

indicating that for a given point in the image there is a single ray path connecting it with

the object. The diffraction field is now obtained as

i (X,-Xo) +(Yý-Y)2 (x,-x') 2 
+(y -y') 2

1xe -x (,Y 2R, 2R2
u (x ',y ',R 2 ;x o, yo,- R 1) ; , - 1  R+ ax, 2 a xay

M 1 + V2V/S + R a2 a _ yM m2a2ty2 aoxay)
(9)
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The subscript s in Eq. (10) denotes the function at stationary point (xs, y=). The reference

X-ray field in the absence of the object can be expressed as

ik[R+ (x'-x), +(Y,-Y.), W.l -kio

Uo(x',y',R 2;xo,yo,-Ri) [e 2R+] (10)R

where V/, and uu are the phase shift and the attenuation in the medium containing the

object. If the medium is air, the phase shift and attenuation can be neglected. After a

tedious algebraic manipulation for the phase factor in Eq. (9), the following relation is

obtained

(x, -X.) 2 +(ys -yo)2  (xS -x') 2 +(yS _y,) 2

2R) 2R 2

(X'-X°)2 +(y'-y") 2 + [R2[(a s 2R (2+•_)2

Using Eq. (11) and the reference X-ray radiation field Eq. (10), the normalized diffraction

field of the transmitted X-rays is finally obtained as

u(x',y',R2;x,,y0,,-R,) e {2M [x a ~1~~y~ ~k[~~Y)o

u ,(x ', y ', R 2 ; x , 'y , '- R l ) 2/1 + - -V R 2 2  '( ,22 / .) 2 )

The normalized intensity is thus

I(x',y', R2 ;xo, yo ,-R 1 ) e-2k[p(x,,y )-.o](3

"M m 2  .1 ax 2  a
lo(x',y",R2 ;xo'Yo'-R1 ) +Rz + R__ 02•' a2g/= (-

1 Vg/=+ 8



The obtained diffraction field Eq. (13) and Eq. (14) accounts for effects of both refraction

and absorption in the object. In the denominator the multiplications of derivatives are

retained in the equations since these are not ignorable when density changes abruptly in the

object, as for example when a discontinuity exists. When the absorption in the object can

be neglected (a pure phase object) and the density changes gradually in the object (thus, the

diffraction angle is small and there is no focusing between the object and the imaging

planes; 9 V2 « <<1, L 2 yI/ x 2 <<1, a 2F/0,y2 <<1, a II/axoy<<1), the above equation

simplifies to

I(x',y',R2;xo,yo,-R,)_=1 R2 (14)
I,(x',y',R2;x.,yo,-R,) M V1

which has been derived by Wilkins et al.8 and Gureyev and Wilkins.9 Eq. (14) shows that

the phase contrast image of a phase object is essentially a map of the Laplacian of the

phase distribution in the object plane. When the refraction in the object can be ignored (an

absorption object or by locating the image plane immediately after the object plane), the

intensity is

I(x', y', R2 ;x, Y ,-R) = e-2k[u(xy,)-. (15)

I,(x',y',R2;x.,yo,-R1 )

resulting in the conventional absorption mechanism of radiographic image formation.

As an example of numerical simulation let us consider the X-ray phase contrast

imaging of a spherical void (pore) in an epoxy layer. In the following section, we will

describe an experiment for the same object. Calculations using the two approximate

formulas Eq. (13) and Eq. (14) shown that the difference occurs inside the Fresnel

9



diffraction fringe. Since the second order derivatives of the phase are not small near the

edges of the object, the deviation occurs in the edge region.

2.3 Model for finite focal size and polychromatic energy band

To optimize experimental conditions and to compare quantitatively the modeling

results with the experiment one need to account in the model for the finite source size and

the source polychromaticity. We also apply the phase-contrast imaging technique to

materials with relatively high density and thus both the effect of absorption as well as the

effect of refraction is considered. When the X-ray source has a finite size, the diffraction

field is obtained as an integral of the point source field over the source region S,

ikIR+ (x'-X )
2
+(y'-y,)2 + R., 2 +( vJ j+(v(xx .Y. .y,)

1= I ff._e _2R_2__[__________________)__I ds(xyy). (16)U=i'-m S• ý+2 v2-V S/ +M2R2 (2g/ ca2VIx 0Y a ,O----.-(a2VIq)2dsx')"(6

j+7 y M V/ m2 Wax 2 0y2 ^

A frequency dependent function H(f) that relates the diffraction X-ray field

U(6) to a monochromatic incident field Uo(f) in the frequency domain is introduced

through

U(f) = H(f)Uo (f). (17)

where U. (f) contains the information on the X-ray source frequency spectrum. Next, the

intensity of a diffracted X-ray normalized by the reference X-ray intensity is

10



AI H((18)

f Goo (f)df

A

where G•,(I) is the power spectral density. The X-ray image is calculated using Eqs. (16)

and (18) for a known frequency spectrum and size of the X-ray source.

Figure 3 compares the intensity profiles for a spherical pore in epoxy resine across

the Fresnel diffraction fringe for different sources: monochromatic point, monochromatic

finite, polychromatic point and polychromatic finite sources. The focal spot size of the

finite source is 5 urm. In the simulations shown in Figure 3, the photon energy for a

monochromatic source is 20 keV and the applied tube voltage is 30 kV. The polychromatic

X-ray source spectra at different applied tube voltages were selected based on the

approximation of the experimental spectra14. The photon energy (in keV) for a

polychromatic source at the peak of its intensity was determined as 2/3 of the applied value

in kV. Both the Fresnel diffraction fringe width and intensity variation across it, change

with the frequency of the incident X-ray. While both the polychromaticity and the finite

size of the X-ray source affect the fringe width and contrast, the effect of the

polychromaticity is much stronger than that of the finite source size.

3. EXPERIMENT

The schematic of the microfocal experimental system for the in-line projection

phase-contrast X-ray imaging is shown in Figure 4. The X-ray source, an object and the X-
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ray detector (film or image intensifier) were aligned linearly along the optical axis. A

Feinfocus® 225 kV X-ray unit with 5 pm focal size was the X-ray source. A precise

positioning system with three linear (with 2 pim resolution) and one rotating (with 0.010

resolution) computer controlled axis is used to control the position of the sample. One

high-resolution linear axis is used for translating the position of the image plane (receiver).

An additional X-Y manipulator is used for positioning of the X-ray source. The micron

resolution movement of the sample provides accurate projection magnification of the

image. High resolution film or image intensifier integrated with a CCD camera is used for

real-time microradiography and also for alignment of the sample prior to film

microradiography. The exposure parameters are carefully selected such that during

exposure the focal spot size remains in the micro-focus region of the tube to get the

optimum resolution. For film microradiography the film is placed in the front face of the

image intensifier, which in this case serves as a mechanical support. Exposed and

processed films are digitized by illuminating them in front of a TV camera. A PCVision®

Frame Grabber (from Imaging Technology) was used for digitization of the films and

transferring the image to a PC. The digital profiles of the images were saved in the

computer and further processed to obtain the X-ray intensities. Two different types of high

resolution films were used; Agfa Structurix D7 films as a high-speed film and D2 film with

fine grains and very high contrast.

The samples used in the experiment were a 1.5 mm thick transparent epoxy layer

on a thin Plexiglas plate and a 1 mm thick Al 2024-T3 sample. The epoxy layer on the

Plexiglas plate contains spherical voids with diameters up to 1.2 mm. The Al 2024 sample

12



contains an artificial pit. The diameter of the pit was 340 jIm and the depth 770 im.

Microradiography was performed to obtain images in absorption-contrast and phase-

contrast modes by changing the distance between the object and the film. Also, the effects

of the X-ray energy and the object to detector distance were examined.

4. RESULTS AND DISCUSSION

X-ray images of the voids in epoxy and pit in the Al 2024 samples obtained in

absorption-contrast and phase-contrast modes are compared in Figure 5. The absorption-

contrast image was taken with a very short object-to-film distance (OFD) 182 mm for

epoxy and 290 mm for Al-2024 while the phase-contrast image was taken for a larger OFD

1000 mm for epoxy and 1430 mm for Al-2024 (Figure 5). The projection magnification

(M= (R1+R 2)/R1) is the same 2.5X for epoxy and 10X for Al-2024. The X-ray exposure was

selected such that both images on the film have the same optical density; a longer (11 rmin.

for epoxy and 9 min. for Al-2024) exposure of film was required for the phase-contrast

image due to the large distance.

Remarkable enhancement of the contrast in the phase-contrast image (Figs. 5(b)

and 5(d)) should be noted, especially as the boundaries of the spherical voids and a pit are

clearly defined. The existence of a bright ring around the cavity (white ring around dark

area in the image) indicates that X-rays refract from the material surrounding the cavity

toward the cavity center which is accompanied by bright fringe formation and the image

darkness increases in the object region. (Note that a lens shape which diverges visible light

13



converges X-rays.) The width of the bright fringe on the film at geometrical X-ray

magnification M=2.5 is -10 [tm.

The common feature (the bright fringe) in the structure of the phase contrast images

can be interpreted more quantitatively on the basis of the theory discussed. When there is

density variation in the material, X-rays refract from the higher density side to the lower

density region. Consequently, the X-ray beam shifts toward the low density region and

only a small amount of X-rays arrives in the fringe region, which makes the film

underexposed with the formation of bright fringes. In the area surrounded by the fringe,

the intensity distribution depends on the Laplacian of the phase (V'V in Eq. (15)) and the

spatial absorption variation.

Figure 6 shows normalized intensity profiles across the diffraction fringes in the

phase-contrast image of a void in epoxy, obtained by the experiments and simulations. The

profile lengths are shown in the image by a horizontal line. The intensity in the area

outside the void is taken as the reference. For this particular image the tube voltage was 60

kV and magnification was 2.5X. The simulated and experimental profiles are in good

agreement.

To investigate the effect of photon energy (tube voltage) on the phase-contrast

image we performed the experiment at tube voltages ranging from 20 to 180 kV. In this

series of measurements, two different projection magnifications of 2.5x and 20x for epoxy

and a single magnification of 20x for Al-2024 were used. Two types of film were used in

the experiment. The widths of the main diffraction fringe around the objects were

measured directly on film under an optical microscope in order to avoid any quantization
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error during digitization. The measured widths are normalized by the applied X-ray

projection magnification M. The results are compared with the simulations in Figure 7 for

both epoxy and Al-2024 samples. The width of the main fringe decreases with energy

increase. To determine the dependence of image contrast on applied tube voltage, the films

were digitized with large optical magnification. The variation of gray level across the main

fringe in the image, which is produced by the phase contrast was measured and converted

to variation of the normalized X-ray intensity. For this the brightness of the film

illuminator was calibrated and the relation between the brightness of the digitized images

and the X-ray intensity has been established based on the film exposure characteristic

curves. It was found that the normalized fringe intensity also drops gradually with tube

voltage.

The effect of the OFD on the image contrast is investigated. According to Fresnel

diffraction theory, the image contrast should be better with the distance to detector in the

Fresnel zone. In order to see this OFD effect on the phase-contrast images, the object-to-

film distance is changed while the projection magnification is kept constant at M=2.5X at

all times. Figure 8 shows the simulated and experimental normalized intensities in the

fringe for different object-to-film distances (tube voltage is 32 kV). Improvement in the

image contrast is observed with increase of OFD. In each case the exposure is corrected

such that the same optical density is achieved for each radiograph. Although larger OFD

seems to improve the phase contrast significantly, very large OFD is not practical due to

the necessity to increase the exposure by the inverse-square law. Due to the low current in

the micro-focus tubes this leads to a very long exposure time.
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Figure 9 shows the effect of projection magnification on the phase contrast in term

of the normalized X-ray intensity variation (Al/Io) across the fringe for the pit in the Al-

2024 sample. For this case, the kV was 180 kV and the source to film distance was 1630

mm. Due to the increasing effect of geometric unsharpness with magnification the intensity

variation decreases. Very good agreement between experiment and theory is obtained.

4. SUMMARY

The paper presents theoretical and experimental aspects of phase-contrast X-ray

imaging using a micro-focus X-ray source. Polychromatic finite source radiation is

simulated to select experimental conditions used in microfocal X-ray imaging. Simulations

and experiments are illustrated by examples of a corrosion pit in an Al-2024 sample and

voids in an epoxy resin. Good agreement is found between the experimental and modeling

results. In most prior work, the technique has been used to image light materials such as

biological tissue. In this work, the phase-contrast technique is demonstrated for aluminum

samples showing significant contrast improvement and image edge enhancement for both

materials. The results show promise in application of the phase contrast method to

nondestructive evaluation of materials.
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Figure 1 X-ray refractive indices of epoxy and aluminum.

19



(xo,y o,-Rl) F X

Sorce,S

Object plane Image plane

Figure 2 Schematic of in-line phase-contrast imaging
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(a) (b)

(c) (d)

Figure 5. Comparisons of absorption-contrast and phase-contrast images on same type of

radiographic film: (a) Absorption -contrast image produced with a short OFD (190 mm)

for epoxy; (b) Phase-contrast image with long OFD (500 mm)for epoxy; tube voltage=32

kV, and X-ray projection magnification=2.5 X, (c) Absorption -contrast image of a pit in

Al-2024 alloy produced with a short OFD (190 mm); (b) Phase-contrast image with long

OFD (500 mm) for A12024; tube voltage=90 kV, X-ray projection magnification= OX.
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ABSTRACT

Despite the many studies that have addressed stress corrosion cracking (SCC) in high
strength aluminum alloys, the separate contributions of stress and electrochemistry to the SCC
process is still a matter of dispute. Moreover, the conventional fracture mechanics approaches
constrain SCC to a single crack per specimen, which eliminates interaction between nearby
cracks. In this study, a new non-destructive evaluation approach was developed to investigate
stress corrosion cracking in AA2024-T3 (UNS A92024). A microfocal x-ray radiography
technique was employed to image multiple intergranular SCC cracks in situ. A modified ASTM
G49 stressing jig was used to apply a fixed tensile displacement to a thin sheet sample, and a
novel electrochemical cell containing flowing 1 M NaCl was attached to the edge of the sample.
Potentiostatic polarization was applied at a potential that promoted intergranular corrosion. The
initiation and growth of multiple intergranular stress corrosion cracks were characterized using
transmission microfocal x-ray radiography. The kinetics of intergranular stress corrosion cracking
growth was found to be in good agreement with the results of a completely different technique,
the foil penetration method, which reflects the validity of the new approach. Interestingly, in
many experiments the deepest crack at the beginning of the experiment was found to slow and
stop growing, and was then surpassed by another crack that eventually penetrated through the
sample. The competition between multiple intergranular stress corrosion cracks is not explained
by the theory of mechanical fracture in inert environments. The possible mechanisms underlying
this competition between cracks are discussed.

Keywords: Al alloys, intergranular corrosion, stress corrosion cracking, intermetallic particles, x-
ray radiography.

Corresponding author: G.S. Frankel, frankel. 10@osu.edu

INTRODUCTION

Stress corrosion cracking (SCC), which involves the combined effects of stress and an
aggressive environment on a susceptible microstructure, has been investigated extensively for
decades. SCC of high strength Al alloys is almost always intergranular in nature, resulting in
intergranular stress corrosion cracking (IGSCC).1-3 In contrast, intergranular corrosion (IGC) is
attack at grain boundaries that takes place in the absence of applied stress as a result of a
variation in the microstructure at or near grain boundaries. In contrast to SCC, stress is not
typically considered to be an important factor in the IGC process. One goal of this work is to
understand the effect of stress on IGC and the relationship between IGC and IGSCC. In trying to
clarify the dominant effects of electrochemistry and stress on IGC and SCC, it would be useful to
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be able to image the various forms of corrosion in situ. However, few in situ non-destructive
evaluation (NDE) approaches exist to study IGC and SCC.

Recently, Zhao et al. described the use of in situ x-ray radiography to study IGC and
exfoliation corrosion in AA2024 and AA7178.4 Exfoliation corrosion is a form of IGC that
occurs on surface of wrought Al alloys. 5' 6 The radiographic images presented by Zhao et al.
provided information on the initiation and growth kinetics of a full population of IGC sites.
Standard fracture mechanics approaches for the study of SCC kinetics, such as the double
cantilever beam (DCB) specimen, are constrained to have only a single crack. This technique
simplifies the study of SCC, but real structures can have multiple cracks so the ability to image
and study samples containing multiple cracks is of great interest. The interaction of stress and
electrochemical reactions can alter the local environment at an IGC tip, which might assist or
slow down growth rate, or favor the SCC initiation at other sites. There is a close connection
between IGC and IGSCC; IGSCC can be considered to be stress-assisted IGC, particularly if the
mechanism of IGSCC is anodic dissolution rather than hydrogen embrittlement.

We have recently reported the use of X-ray radiography to characterize the IGC and
IGSCC in AA2024-T3 foil samples stressed to a constant displacement in tension using a
modified ASTM G49 jig and exposed on one side to a corrosive environment. 7' 8 The nature of
the intergranular cracks depended on the orientation of the sample as a result of the constraints
imposed by the microstructure. This work was performed on samples after exposure; it was not
done in situ.

While much is known about SCC of Al alloys, there are still unresolved issues regarding
the connection between IGC and IGSCC that are not fully understood. For instance, if the
microstructure is elongated in a direction that is not perpendicular to the applied stress, how does
IGC turn into a crack? It is generally assumed that a resolved tensile stress normal to a crack tip
is required for SCC propagation. How does tensile stress parallel to the crack tip or compressive
stress normal to the crack affect IGC advance? The primary mechanism for SCC in 2xxx series
Al alloys is commonly regarded to be anodic dissolution, 9 but this is disputed1°'12 because the
local hydrogen evolution always accompanies the anodic dissolution in Al cracks, so effects of
hydrogen embrittlement cannot be easily ruled out.

In the current study, a novel electrochemical cell associated with a modified ASTM G49
stressing jig was used along with x-ray microfocal radiography to study SCC in situ. The
approach was compared to the foil penetration technique, which determines the kinetics of
localized corrosion growth by measuring the penetration time at the fastest growing site.7' 13,14

EXPERIMENTAL

Specimens were machined from a 19 mm thick wrought AA2024-T3 plate (nominal
composition Cu 4.5%, Mg 1.45%, Mn 0.57%, Si 0.11%, Fe 0.25%, Zn 0.09%, Ti 0.02%, Cr
0.01%, and other elements totaling 0.05% max). Thin sheet samples were cut in specific
orientations relative to the rolling direction. The nomenclature used to describe the different
orientations is shown in Figure 1a. The three perpendicular directions are considered to be
longitudinal (L, along the rolling direction), short-transverse (S, through-thickness), and
transverse (T). The orientation of a stressed sample is noted by two perpendicular orientations,
the first indicating the nominal direction of corrosion propagation and the second indicating the
direction of applied stress. For instance, thin slices removed from the plate along the T or L
direction were rotated and used as the T-S or L-S samples (Figure lb), which were stressed in the
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S direction and corrosion proceeded in the T (transverse direction) or L (longitudinal direction),
respectively. Stress was applied using a modified ASTM G49 fixed-displacement jig described
previously. 7 The notation is the same as used previously, but the exposed face in the current
experiments was the thin edge of the sliced samples rather than the broad face. To stress in the S
or through-thickness direction given the limited plate thickness, laser-welded tabs were used to
allow gripping by the stressing jig, which is the same approach that was used in the stressed foil
penetration experiments. 7 Figure ic shows the configuration of the welded T-S and L-S samples.
The samples were typically stressed at an initial strain of 0.18%, which is in the elastic region,
less than halfway to yield according to the stress strain curve measured in a standard tension
testing machine on an AA2024-T3 blank.

Pieces 80 mm long and 5 mm wide were cut from the plate using electrical discharge
machining (EDM), and reduced to a thickness of 1.05 mm by grinding. The surfaces were
polished to 1200 grit in methanol or ethanol to minimize corrosion. The stress was applied along
the sample length direction, and a specially-designed electrochemical cell was positioned on the
thin edge of the sample exposing only that edge to solution, Figure 1 d. The nominal direction of
corrosion was perpendicular to that edge, through the width of the sample. Microradiography was
used to image the corrosion cracks as a function of time. The images were recorded on the x-ray
negative films.

The electrochemical cell used to expose the thin edge of the sample to solution and
control the potential is shown in Figure 2. The cell was machined from a rectangular piece of
Teflon with nominal dimensions of 15 x 15 x 23 mm. A 9.5 mm diameter hole was drilled
through the body and then capped to create the inner cell cavity. A 1.05 x 18.5 mm slot was
machined in one side of the cell. Two lips that were 0.5 x 1.5 x 23 mm in dimension extended
from the edges of the slot as guides for the sample. The thin edge of the sample was slipped
between the lips and exposed to the inside of the cell through the slot. Four holes were drilled
and threaded into the side walls of the cell to allow connection of 1/8" I.D. nylon nozzles for
attachment of tubing. The tubing was used to accommodate pumping of electrolyte and to
provide access for a saturated calomel reference electrode (SCE) and a counter electrode. A strip
sample was inserted in the stressing jig cell, the desired displacement was applied, and then the
cell was mounted on the edge of the sample. Finally, the cell was sealed along the lips with
Miccrostop© lacquer. The exposed area was about 0.2 cm2 (1.05 x 18.5 mm). The length of the
slot allowed for testing of the sample section far from the weld and heat affected zone for
samples with welded tabs. Because of the small volume of the cell chamber, the 1.0 M NaCl
solution was circulated continuously by a mini pump from a reservoir through the cell and past
the sample. The solution in the reservoir was refreshed every 24 h. The sample was
potentiostatically polarized at -580 mV SCE to promote IGC of the AA2024-T3 and the current
was recorded during the experiment.

Microfocal radiographic imaging was performed using a 225-kV, 3-mA x-ray source with
3-5 ýtm focal size and a positioning system with 2 ýtm linear resolution and 0.010 rotational
resolution.15, 16 The projection magnification was obtained by the ratio of the distance between
the x-ray source and the film (di) to the distance between the source and the sample (do), i.e. d1/do.
X-ray images were recorded periodically during the experiment. To obtain optimum resolution
for a 1 mm thick Al alloy sample at lOx magnification (di/do = 76.2cm/7.62cm), the source
voltage and current were 40 kV and 200 piA, respectively, and the exposure time was 275 s. The
processed films were digitized using a charge-coupled device (CCD) camera. X-ray microfocal
radiography generates a gray-scale image in which the intensity depends on the integrated X-ray
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absorption through the sample thickness.1 5 The absorption of X-rays varies as a result of density
variations in the material. A higher density region, such as an intermetallic particle, generates a
white spot on the negative X-ray film, whereas the lower density region associated with corrosion
generates a dark region.

RESULTS

Figure 3 shows radiographic images of an L-S sample, i.e. it was stressed in the S
direction and cracks grew in the L direction. The top edge of each image was the exposed L
surface of the sample. Figure 3a is an image of the sample prior to testing. The vertical white
streaks are associated with intermetallic particles aligned in the L direction in the wrought
microstructure. Figures 3b-3i are images of the sample during exposure to 1.0 M NaCl at -580
mV SCE with 0.18% strain applied in the S or horizontal direction. The cracked grain
boundaries (GBs) can easily be distinguished in these images. Two horizontal white lines are also
visible. The line at the exposed face is associated with a thick part of the Teflon cell and the line
1.5 mm below the surface is from the lacquer used to seal the end of the cell lips. The white
irregular patterns between the two white lines result from an excess of red lacquer along the
sealing area. These patterns were used as references to identify the location of specific IGC sites.
The intergranular cracks show up as thick, dark vertical lines. Figures 3b-3i show that the cracks
were straight and sharp and propagated along the L direction for this sample. The radiographic
images are an integration of the microstructure in the direction of x-ray propagation, the T
direction, including the matrix, intermetallic particles and IGC, through the sample, rather than a
reflection of continuous microstructural components in the sample. The average grain size of this
particular AA2024-T3 plate at the ¼ T section was reported previously as approximately 50 p.m
in the S direction, 300 ptm in the T direction and 2000 ptm in the L direction.17 The thickness of
the sample used in this study is 1.05 mm along the T direction, which indicates that the sample
had 3-4 grains through the thickness.

The feature labeled site 1 in Figure 3b formed first, and the crack at site 2 was found later.
During the first hour of the experiment, the crack at site 1 was the longest and the fastest growing
crack. However, this initial crack stopped growing, while IGC at site 2 initiated, grew faster, and
ultimately overtook the first crack to become the deepest crack in the sample, as is evident in the
series of images in Figure 3c-e. Figure 3d shows the crack at site 2 had a similar depth as that at
site 1 after 60 min. Comparison with Figure 3c shows the crack at site 2 actively progressed,
whereas the IGC at site 1 was stagnant. Figure 3e shows the longer crack length at site 2 after 90
min. This phenomenon was not an exception; almost every sample studied, in a variety of
propagation and stressing orientations, exhibited a deceleration in growth of the initial crack and
ultimate failure at another site. This observation is counter to the expectations of mechanical
fracture in inert environments, in which the driving force of crack growth is stress intensity.
Figure 3f shows that IGSCC at site 2 penetrated through the 5 mm sample in only 2 hours.
Figure 3g and 3h show the magnified images of the two major IG cracks after 2.5 hours. Some
short cracks are visible between the two major IGSCCs. IGC is seen to have spread to grains
neighboring the main crack at site 2, in a fashion that seems to blunt the crack. Figure 3i shows a
low magnification image after 3 h. The crack at site 1 closed slightly as a result of stress relief
within the fixed displacement jig.

Experiments were also performed on T-S samples, which were oriented such that they
were stressed in the S direction but with the IG cracks propagating in the T direction. Figure 4
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shows a series of radiographic images for a T-S sample. These images exhibit different
morphologies than those from the L-S sample in Figures 3. The white regions associated with
intermetallic particles are seen clearly, Figure 4a. The thickness of the T-S sample in the L
direction was about 1.05 mm, which is less than one grain dimension in that direction. However,
the sample size in the T direction, the nominal growth direction, was larger than 10 grain
dimensions. Figure 4b shows that a crack initiated at site 1 during the first 15 minutes and
became the fastest growing crack. The crack passed about 3 grains and then stopped growing at a
length of about 1 mm. The crack at site 1 is not as sharp as the IG cracks in the L-S sample
shown in Figure 3. It shows that the IGCs branch to several neighboring grains in the S direction.

The first crack to form at site 1 stopped propagating like the initial cracks in the L-S
sample. As shown in Figure 4b, cracks initiated at sites 2 and 3 after the crack at site 1 was well
developed. After about 6 h, Figure 4c, the crack at site 3 was about as long as the crack at site 1
and the crack at site 2 had surpassed both of them to become the deepest crack. This crack at site
2 grew rapidly, but then also slowed. As shown in Figure 4c-e, it did not grow much during the
24 h period between the 6 and 30 h images. On the other hand, many short IGC cracks at other
sites initiated and grew during this time. Two regions of severe attack occurred on the sample in
the S direction at the ends of the exposed area in the cell, one of which was at site 2, where the
failure crack was growing. This attack at the ends of the exposed area might have resulted from
poor mass transport at stagnant regions in the flow cell or as a result of a stress concentration in
this region. The anodic dissolution resulted in connection of the grain boundaries, grain fall out
and a large area of mass loss, as shown at the right end of the T-S sample in Figure 4e. Careful
examination of Figure 4e shows that at crack bottom at site 2, the sample was slightly bent
perhaps as a result of this loss and wedging stresses created by corrosion products.

Figure 5 shows optical photographs of the T-S sample after the experiment with the
electrochemical cell removed, but with the sample still held within the stressing jig. The lacquer
sealed the cell lips and sample, and separation of the cell from the sample caused the corroded
grains to be removed. The sample wastage is likely a result of non-Faradaic grain removal, and
Figure 5 shows the remaining grains. Figure 5b is a magnified view of the region near site 2, the
failure crack. As mentioned previously, although the sample was constrained in the stressing jig,
the sample was bent beneath the crack as a result of the wedging by the IG corrosion product,
indicating that the significant wedging stress overwhelmed the uniaxial stress.

To analyze the fracture morphology, the sample was overloaded in the stressing frame.
The deepest crack, shown in Figure 5b, propagated to the other side, breaking the sample into two
pieces. Figure 6 is an SEM image of the fractured T-S sample. The IG crack face shown is an S-
oriented plane, and the crack propagated in the T direction from right to left. Regions with
different surface morphology are evident. Figure 7 shows magnified secondary electron images
taken at the regions indicated with arrows and the letters a-d in Figure 6. Figure 7a shows a
region with extensive roughening by corrosion that occurred because this region was exposed to
the environment through much of the test period. Figure 7b shows second region of intergranular
cracking facture with clear grains facets and grain boundaries. The shorted exposure time for the
region of the crack surface resulted in cleaner grain boundary faces. The fracture surface
exhibited a large number of rod-shaped particles, which are analyzed below. Figure 7d shows the
morphology of the region exhibiting mechanical fracture by overload as evidenced by dimples
and ductile rupture. Figure 9c shows the morphology at the very end of the IGSCC region. It is a
combination of the morphologies shown in Figure 7b and 7d; there is evidence of both ductile
rupture and IG faces containing rod shaped particles. The surface exhibits relatively little
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evidence of corrosion as a result of the relatively short time of exposure to the corrosive
environment. So it appears that the IGSCC did not propagate with a clean front between cracked
and uncracked regions. The IGC propagated in the T direction, but left some connections that
fractured upon mechanical overload.

A higher magnification secondary electron image of the second fracture region is shown
in Figure 8. The rods on the fracture face are about 1 pm in length and 0.15 ptm in diameter.
Some striations with separation of about 100 nm are pointed out by arrows, suggesting that the
crack propagation was intermittent. EDS analysis performed at spots directly on the rod shaped
particles found Al with a small amount of Cu and trace amounts of Mn and 0. However,
quantitative analysis could not be performed because the excited volume was larger than the rod
size. A previous investigation using analytical TEM on the same AA2024-T3 plate found a large
number of rod-like particles along grain boundaries, and identified their composition to be A12Cu
(very little Mg), A12CuMg or A120Mn3Cu 2 with no Mg,' 8 but with smaller dimensions than those
found in the current study.

An optical micrograph of an unetched cross section of the T-S sample is given in Figure
9. This sample in this micrograph has the same orientation as the sample in Figure 5. IGC is
clearly seen propagating downward in the T direction, and distributed across many grains in the S
direction. The slope along the top of the sample is the wide trench above the failure crack shown
in Figure 5b. Figure 9b shows the shallow IGCs existing between the two major cracks. Some
dark spots are found along the IGC path. These spots are regions attacked during the cross-
sectional polishing by corrosive corrosion product that oozed out of the grain boundary crevices.
The cross-sectional images of the unetched sections exhibit extensive intergranular attack and,
other than the spots, represent the microstructure equivalent to an etched section.

DISCUSSION
In this work, x-ray micro-radiography was used to provide a new approach to in situ study

IGSCC of AA2024-T3. In some ways, the IGC morphology found in this in situ study was
different than that reported previously for ex-situ images taken of penetrated L-S stressed foil
penetration samples.7 The foil penetration method assesses IGC or SCC crack kinetics in a very
different fashion: one side of a foil sample is exposed to solution and the shortest time for
penetration of the foil by localized corrosion is detected.19' 20 Therefore, the foil penetration
method only provides information on the fastest growing site, whereas the radiographic approach
provides information on all of the sites individually. For example, the ex situ x-ray image of an
L-S foil penetration sample taken after the IGC had penetrated the sample showed IG cracks with
similar gray scale sparsely distributed across the L face. 7 The similar gray scale value of the
various cracks suggested that they had similar length. However, the in situ radiography could
track every IGC site and it is clear from the current study that certain sites were longer than
others.

On the other hand, there are similarities between the previous ex-situ images and in situ
images. In the previous work an initial strain of 0.06% was applied to an L-S sample in the S
direction. IGC penetrated the 1.38 mm thick foil in the L direction after 1.7 h.7 The x-ray images
were taken with x-rays transmitted along the L direction, which was the penetration direction.
The width of IG cracks in the S direction was similar to that in the in situ L-S sample, and length
of IG cracks in the T direction was about 1 mm, which was the dimension of the in situ L-S
sample. So the results of the previous foil penetration experiments already suggested that the
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cracks should penetrate the 1 mm thickness of the in situ L-S samples. In some ways these two
different approaches reveal similar phenomena.

The lengths of individual cracks were measured using the x-ray images and are presented
in Figure 10a for the L-S sample shown in Figure 3. This plot shows that the crack at site 1
initiated earlier than the one at site 2 and grew to a longer length over the first hour of the
experiment. However, for some reason that site stopped growing. This stifling of SCC growth is
quite interesting and unexpected because of the higher stress concentration at the end of the
longest site at any given time. The mechanism behind this crack stifling is not understood.
However, the length of the initial crack is approximately equal to the average grain dimension in
the longitudinal direction, so crack stifling might be associated with grain triple points. Figure7,8

10b compares the radiographic data to results from foil penetration experiments. Recall that
the foil penetration experiment measures only the time for the first site to penetrate the foil, or the
fastest growing site. The open diamonds in Figure l0b represent the depth of the deepest site at
any given time in the in situ radiographic experiment, which is a combination of the data from
sites 1 and 2. These data almost overlie the data from the foil penetration experiments under the
same condition7 , which are indicated as filled circles in the plot. The similarity in the data from
two vastly different techniques suggests that both approaches provide accurate assessments of
crack growth rates. However, the foil penetration technique does not provide information on the
propagation rates of individual sites, only the nominal fastest rate for an ensemble of sites. Also
shown in Figure 10b are foil penetration data from an L-S sample with very low applied strain, an
L-T sample, and an unstressed L sample. 7 From this comparison, it is clear that IGSCC growth in
the L direction is greatly accelerated relative to IGC when small stresses are applied in the S
direction. In comparison, stressing in the T direction has a smaller influence.

The depths of the large cracks in the T-S sample are plotted as a function of time in
Figure 1 a. As was shown in Figure 1 Oa for the L-S sample, the crack that grew fastest at the
beginning was surpassed by another crack. Figure I1 b shows the depth of the deepest site at any
given time in the radiographic experiment, which is a combination of the data from sites 1, 2 and
3. T-S samples were not studied by foil penetration. However, the rate of IGC crack growth is
seen to be much faster than the penetration rate found in foil penetration experiments for
unstressed T samples and for T-L samples stressed to a higher initial strain. Similar to what was
found for penetration in the L direction, 7 an applied stress in the S direction is much more
effective at enhancing growth kinetics in the T direction than an applied stress in the L direction.

Every experiment exhibited a failure crack that was not the fastest growing crack at the
early stages of the experiment. For the sample configuration with dimensions of 1.05 mm
thickness and 4-5 mm width, the plane strain criterion was not satisfied, i.e. the plate thickness
was less than 15x the plastic zone radius21, so the sample was in the condition of plane stress.
Stress intensity at the crack tip is the dominant driving force in mechanical fracture. Under
constant-displacement testing conditions, stress intensity decreases progressively as the crack
propagates. However, the stress intensity is always higher at the longest flaw than at shorter
cracks. Therefore, decay in stress intensity factor can not explain growth stifling of the leading
crack in the multiple cracks. However, in a corrosive aqueous environment, several factors can
complicate the situation. Corrosion can result in crack widening and blunting and in the
formation of voluminous corrosion product. Figure 4 shows that branching of the crack occurred
as it intersected various grain boundaries. Such branching will decrease the local stress intensity,
possibly to a value lower than that at a shorter, sharper crack, which would then grow faster. So
the local synergistic effects of stress and electrochemistry simultaneously drive the IGSCC
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growth. Sprowl and Brown found that if a large number of nearly equal fissures are developed in
close proximity, there will be no effective concentration of stress in any fissure, and cracking of
the stressed member may not occur even if the metallurgical state of the metal permits stress
corrosion.

22

Stress corrosion cracking has been attributed to the solute-depleted zone (SDZ) along the
23-25grain boundaries. These zones have quite different chemical composition and microstructure

than the grain matrix.26 AA2024-T3 is heat-treated by solution annealing followed by artificial
aging at room temperature (RT). Although the precipitation process is sluggish at RT, extended
artificial aging may affect the precipitate microstructure. The large number of rod particles with
rather large dimensions at the fracture surface might have been the result of extended artificial
RT aging. EDS analysis identified the rods as being an Al-Cu compound, but this analysis was
complicated by the small size of the particles and possible changes in composition by corrosion
during exposure to the local environment. It is possible that a galvanic interaction between these
grain boundary particles and the solute depleted zone on either side of the grain boundaries
played an important role in the crack development even though the potential was controlled using
a potentiostat.

As with all stress corrosion cracking, the local interaction between stress, metallurgy and
electrochemistry plays a significant role in the competition between multiple cracks. This
competition cannot be addressed using traditional fracture mechanics approaches, but
understanding how multiple cracks interact and how the synergistic actions of tensile stress and
anodic dissolution control propagation is critical to the understanding of IGSCC in real
structures.

CONCLUSIONS

1. X-ray micro-radiography technique is a non-destructive method that can be used to study stress
corrosion cracking in situ using the proper orientation of samples and special cells. The
technique can characterize the morphology of individual cracks and generates the kinetics of
localized IGC growth.

2. The results of the radiographic analysis resulted in IGSCC kinetics that were similar to those
generated by the foil penetration method.

3. In this approach the sample is not limited to the formation of a single crack and the
competition between SCC cracks can be studied. The crack that led to the final failure was not
the fastest growing crack at the early stages of the experiment.

4. The IGSCC fracture surface exhibited a large number of rod-shaped particles, which might
play an important role in the propagation process.
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Figure 1. Schematic of procedure to make T-S and L-S sheet sample for in situ radiographic
measurement. (a) Cut sheet sample from plate; (b) rotate sample; (c) laser weld sample with
connecting tabs to fit for the ASTM G49 stressing jig; (d) apply constant displacement with
stressing jig, constrain sample in electrochemical cell, control potential, and irradiate with x-rays.
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Figure 3. X-ray microfocal radiography images of IGSCC in L-S sample with initial strain of
0.18% at -580 mV SCE in 1.0 M NaC1. (a) prior to test, (b) after 40 min., (c) after 50 min., (d)
after 60 min., (e) after 90 min (f) after 2h, site 2 (g) 2.5h, site 1 and (h) 2.5h, site 2 (i) after 3h.
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Figure 4. X-ray microfocal radiography images of IGSCC in T-S sample with initial strain of
0.18% at -580 mV SCE in 1.0 M NaCI. (a) prior to test, (b) after 15 min., (c) after 6 h., (d) after 8
h., (e) after 30 h.
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Figure 5. Optical images of T-S sample after experiment. (a) the entire exposed area (b) higher
magnification at the site of the final crack.

16



Cracking direction at site 2 T S(a)

L 
• --

Figure 6. Secondary electron image of the T-S sample fractured at site 2 by overload after the
experiment. The sample is 5 mm wide in T direction. Stress was applied in the S direction
normal to paper. The arrows point to regions shown in detail in Figure 7.
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Figure 7. High magnification secondary electron images of the regions indicated by arrows in

Figure 6.
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Figure 8. Higher magnification image of IGSCC region shown in Figure 7c. The arrows show the
stress striations on the fracture facets.
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Figure 9. Unetched cross-sectional images of T-S AA 2024-T3 sample with 0.18% strain at -580
mV SCE in 1.0 M NaC1.
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Figure 10. IGSCC kinetics from in situ radiographic experiments. AA2024-T3 at -580 mV SCE
in 1.0 M NaCI. (a) depth of sites 1 and 2 from L-S in situ experiment (b) open diamonds -
combined data from sites 1 and 2 to show the deepest site at a given time rate of IGSCC from in
situ radiographic experiments, X - unstressed foil penetration data in the L direction, filled
symbols - stressed foil penetration data in different orientations and stresses. The values in
parentheses are the initial strains.
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ABSTRACT

Practical aspects of microfocal X-ray image enhancement utilizing phase-contrast
effects are considered. Optimization of the experimental method to achieve phase
contrast is described for application to nondestructive evaluation of materials.
Experimental phase-contrast images of porosity and corrosion pits obtained with a
5-micron microfocal X-ray source are compared with absorption-contrast images
demonstrating significant enhancement of image quality. The phase-contrast X-
ray imaging provides enhanced image contrast, improved edge definition and X-
ray phase information on the material.

INTRODUCTION

Conventional radiographic imaging is based on X-ray beam intensity
modulation by geometrical features of the object and by material defects. This
modulation depends on X-ray absorption in the material and local changes of the
object thickness. The modulated X-ray beam is recorded on film or any other
recording medium to produce an object projection (2-D shadowgraph). This basic
principle of X-ray image formation and its interpretation in radiography have
remained basically unchanged since the discovery of X-rays.

The absorption control image contrast C depends on the thickness change Ah
of the part and is defined as (Fig. 1):

Ah
h

where h is the material thickness. It is difficult to achieve contrast sensitivity better
than 1% and most codes usually require 2% contrast sensitivity. One should note that
the contrast sensitivity defined by Eq. (1) is applicable only when the system
unsharpness is much smaller than the defect size; when the defect diameter becomes
smaller than the unsharpness the image contrast significantly decreases. Use of a
microfocal X-ray source significantly reduces the system unsharpness and allows X-
ray image magnification (Zoofan and Rokhlin, 1998 and Rokhlin et al., 2003).
Radiographic imaging of dense structural materials requires increase of photon
energy which leads to decrease of X-ray absorption and contrast sensitivity and thus
contrast can be very poor for such materials with small defects.

However, during radiography, in addition to the object-induced X-ray
intensity change, change of X-ray phase occurs. The change of phase by the object
leads to change of direction of the X-ray propagation (refraction). The use of phase-
contrast imaging may in some cases significantly improve image contrast achievable
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by absorption radiography. In recent years significant effort has been put forward by
different groups in developing this new imaging technique especially in low-
attenuation materials like biological tissues for medical application. For the case with
very low attenuation materials, this approach can significantly improve the contrast
sensitivity of the image ( Davis et al., 1995; Snigirev, et al., 1995; Cloetens, et al.,
1996; Nugent, et al., 1996; Wilkins, et al., 1996). For historic background and
introduction to phase contrast imaging readers are referr to Fitzgerald, 2000.

The main objective of this paper is to demonstrate the applicability of the
phase contrast method to nondestructive evaluation (NDE) and to optimize the
method for imaging of structural materials, such as aluminum alloys.

CONCEPT OF THE METHOD
Analogous to conventional optics, the behavior of X-rays passing through a

sample can be described using a complex refractive index n=]-&+ i'8, where Sis the
refractive decrement and flis related to the X-ray absorption; both these parameters
depend on frequency or photon energy. One should note that the real part of the
refractive index for X-rays has the opposite sign to that for light. For X-ray radiation
the refractive index modulus deviates only slightly from unity.

As an example, g andB/ are plotted in Figure 2 versus photon energy (Zoofan
et al., 2003). As one can see 8 and ,8 are of the same order for very low X-ray
energies while with increase of energy the absorption index 8J drops sharply so that

absorption imaging loses contrast. The 51/, ratio for epoxy is higher than that for
aluminum; this indicates that for low density materials the phase contrast advantage is
even more significant. With increasing photon energy, the ratio between X-ray
refraction and absorption coefficients increases, indicating a substantial effect of
phase modulation by the object of the X-ray beam transmitted through the material.
This phase modulation may significantly enhance X-ray images when properly used.
In the higher-energy region the refractive decrement t is several orders of magnitude
higher than the absorption coefficient (in most materials8 S (103 101) x /8) and
phase contrast imaging may be possible even when the absorption contrast is too
small.

The phase imaging method is based on the refraction of radiation at the
boundaries separating different media in an object. The refraction angle depends on
the difference AS. of refractive decrements in these media. Since the refractive
decrement 5 is very small, the angle of refraction at the intermedia boundaries is
about 105-10- 7 radians. Therefore, it is impossible to detect beams deviated at such
small angles by conventional radiography. However with microfocal radiography
using higher magnification it is possible to select geometric conditions so that phase-
contrast imaging becomes possible.

The concept is illustrated in Figure 3 where X-rays are shown refracting on
the boundary of a cavity in a material. When there is density variation in the material,
X-rays refract from the higher density side to the lower density region. Consequently,
the X-ray beam shifts toward the low density region and only a small amount of X-
ray energy arrives in the fringe region, which makes the film underexposed with the
formation of bright fringes. Due to X-ray refraction of the white ring is formed
surrounding the dark circle corresponding to the absorption image of the object
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(Figure 3(b)). Thus phase-contrast imaging produces analog edge enhancement of the
image. This enhancement occurs even when absorption contrast disappears.

Wilkins et al., 1996 have demonstrated that in microfocal radiography, the
high space coherence of phase-contrast imaging is achievable due to the X-ray source
and that high spectral coherence in a frequency domain is not required and thus
conventional polychromatic microfocal X-ray sources can be used for this purpose.

EXPERIMENTAL SYSTEM AND PROCEDURE
The schematic of our micro-focus experimental system for in-line projection

phase-contrast X-ray imaging is shown in Figure 4 with a 5 [Im focal size, 225 kV
FeinFocus® X-ray unit used as an X-ray source. The X-ray source, an object and the
X-ray detector (film or image intensifier) are aligned linearly along the optical axis. A
precise positioning system with three linear (with 2 jtm resolution) and one rotating
(with 0.01 degree resolution) computer controlled axes is used to control the position
of the sample. An additional high-resolution linear axis is used for translating the
position of the image plane. A two-directional manipulator is used for positioning of
the X-ray tube.

A micron resolution movement of the sample provides accurate projection
magnification of the image. The X-ray exposure parameters have been carefully
selected such that during exposure the focal spot size remains in the micro-focus
region of the tube to get the optimum resolution. An image intensifier integrated with
a CCD camera is used for real-time microradiography and also for alignment of the
sample prior to film microradiography. After alignment of the sample and the image
plane, the film is mounted on a 4 mm thick lead plate and placed in the front face of
the image intensifier, which in this case serves as a mechanical support. Exposed and
processed films are digitized by illuminating them in front of a TV camera. A
PCVision® Frame Grabber (from Imaging Technology) is used for digitization of the
films and transferring the image to a PC. The digital profiles of the images are saved
in the computer and further processed to obtain the X-ray intensities. Two different
types of films have been used; Agfa Structurix D7 films as a high-speed film and D2
film with fine grains and very high contrast.

Quantitative measurement were performed on a 1.5 mm thick epoxy layer
cured on a 1.5 mm Plexiglas plate and on a 1 mm thick Al 2024-T3 sample. The
epoxy layer contained spherical voids with diameters up to 1.2 mm. The Al 2024
sample contained a 340 pm diameter artificial pit of 770 gm depth. Microradiography
was performed to obtain images in absorption-contrast and phase-contrast modes by
changing the distance between the object and the film. Also multiple experiments
have been performed on other types of objects to demonstrate the method
applicability.

EXPERIMENTAL RESULTS AND DISCUSSION
Absorption and phase-contrast X-ray images are compared in Figure 5 for

samples of epoxy with voids and an Al 2024 plate with cylindrical pit. The
absorption-contrast image has been taken with a relatively short object-to-film
distance (OFD) = 182 mm for epoxy and 290 mm for Al-2024 while the phase-
contrast image was taken for a larger OFD =1 m for epoxy and 1.43 m for Al-2024.
For both types of imaging the projection magnification was the same: 2.5X for epoxy
and lOX for the Al-2024 sample. The X-ray exposure has been selected such that both
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images on the film have the same optical density; a longer (11 min for epoxy and 9
min for Al-2024) exposure of film was required for the phase-contrast image due to
larger source-to-film distance (SFD). Remarkable enhancement of the contrast in the
phase-contrast image should be noted, especially as the boundaries of the spherical
voids and a pit are clearly defined. Figure 6 illustrates this enhancement by sharp
changes of the line profile across the fringes produced.

The existence of a bright ring around the objects (white ring around dark area
in the image and picks in the line profiles) indicates that X-rays refract from the
material surrounding the object toward the object center which is accompanied by
bright fringe formation and increase of image darkness in the object region (dips in
the line profile, which are especially clear for the Al sample, see Figure 6(b)). The
width of the bright fringe on the film at geometrical X-ray magnification M=2.5 is
about 10 ptm.

The critical effect of the spatial coherence of the X-ray source on obtaining a
phase-contrast image is demonstrated in Figure 3 (c) when the X-ray tube was not in
micro-focus mode. It means the focal spot size was expanded to be much larger than
5 ptm nominal focal spot size. For both cases the OFD was 1 m. The white fringe due
to X-ray refraction disappeared and the image is similar to that with absorption
contrast.

To investigate the effect of photon energy (tube voltage) on the phase-contrast
image we have performed the experiment at tube voltages ranging from 20 to 180 kV.
The width of the main diffraction fringe around the defect image was measured
directly on film under an optical microscope in order to avoid any quantization error
during digitization. The obtained width of the fringe allows us to determine the
refracted angles of the X-ray. Figure 7 shows the variation of refracted angles (in pL
radians) for different applied photon energies. The trend shows that for higher photon
energy the diffracted angles become smaller which produces finer fringes around the
object, which has different refractive index. Thus to observe the fringes at high
photon energy (high X-ray source voltage) very high resolution of the image is
required.

Although larger object-to-film distance seems to improve the phase-contrast
significantly, very large object-to-film distance is not practical due to the necessity to
increase the exposure time by the inverse-square law. These leads to very long
exposure times since low level of tube current of the micro-focus tube is required to
maintain microfocal conditions.

To illustrate the method we have performed the phase-contrast imaging on a
variety of different samples and some of the examples are shown below. Figures 8
(a) and (b) show application of the technique to a 50 mm diameter 2.5 mm thick
aluminum tube with weld. The projection magnification was 8X with a long SFD of
1.63 m; tube voltage was 50 kV. The image shows fine porosity in the weld with
refraction induced white rings similar to those discussed above. Fig 8(c) shows phase
contrast image of a hot-plate butt weld of the 4-mm thick polyethylene plates; lack of
fusion is clearly observed. The white fringes in the phase-contrast image clearly
define the non-fused area in the joint. A comparison of absorption (a) and phase (b)
contrast images of the 1 mm aluminum sample with corrosion damage is shown in
Figure 9. Significant improvement of the image is obtained in phase contrast mode
showing the morphology of the tips of the crack and the details of the corrosion
products on the sample. Figure 10 shows the phase-contrast images of (a) a spider and
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(b) a bug with 3x projection magnification and OFD of 1 m on D7 films with 36 kV.
The soft tissues and extremely fine details are clear on those images.

CONCLUSIONS
It is shown that microfocal X-ray phase-contrast imaging provides significant

enhancement of image contrast. This is achieved by optimal selection of
geometrical conditions such as object-to-film distance and projection magnification
and of exposure parameters. Several examples of phase-contrast-enhanced images
for metal and polymer samples with defects are shown. A remarkable feature of
phase contrast imaging is analog edge enhancement which is manifested in the X-ray
film images of material cavities as white contours on a boundary with the
surrounding material and increased darkness of the cavities in the images.
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Figure 4- Schematic of the experimental microfocal system for in-line phase-
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Figure 5 - Comparisons of absorption-contrast and phase-contrast images on

the same type of radiographicfilm: (a) Absorption-contrast image produced with

a short OFD (0.18 m) for epoxy resin, (b) phase-contrast image with long OFD

(0.5 m) for epoxy resin; tube voltage=32 kV, and X-ray projection

magnification=2.5X; (c) absorption-contrast image of a cylindrical pit in Al-

2024 alloy produced with a short OFD (0.29 m), (d) phase-contrast image of the

same sample with a long OFD (0.5 m); tube voltage=90 kV, projection

maenification= lOX
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Figure 7- (a) Illustration of X-ray refraction effect (X-ray deviates in the

sample from initial direction of propagation (dotted line)). (b) The refraction

angle measured from fringe width versus X-ray energy. Data from the

aluminum sample with an artificial pit.
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Figure 8- (a) Phase-contrast enhanced images of pores in the weld of an aluminum
tube with 50 mm diameter and 2.5 mm thickness. (b) Magnified area indicated by
dashed box in (a) obtained by optical magnification from the radiographic film.
(c)Phase-contrast image of a hot-plate bonding of plastic, OFD: 1.5 m, exposure
time: 21 minutes
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Figure 9- (a) Absorption-contrast image of a corroded 1mm thick aluminum sample,

(b) phase-contrast image of the same sample

Figure 10- Phase-contrast images of insects (3X) showing soft tissues
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Effects of Compressive Stress on Localized Corrosion in AA2024-T3 Alloy

Xiaodong Liu and G. S. Frankel
Fontana Corrosion Center, Department of Materials Science and Engineering

The Ohio State University, Columbus, OH 43210, USA

ABSTRACT
The effect of compressive stress on intergranular corrosion (IGC) of AA2024-T3 was
studied under a constant load with simultaneous electrochemical measurement. A
specially designed electrochemical cell was used to compress a pillar-shaped sample and
control the potential at a value that promoted IGC. The extent of IGC was assessed by
metallurgical cross sectional images. The effect of the compressive stress depended on
the orientation of the stress relative to the elongated microstructure. Application of a
compressive stress halfway to yield in the S or through-thickness direction significantly
reduced the growth kinetics of IGC in the longitudinal direction, but did not eliminate it
totally. The strain change during exposure was used to quantify the change in radius of
the cylindrical sample as a function of time during IGC growth. The effect of
compression on reducing IGC was also assessed by the current density measured during
potentiodynamic and potentiostatic polarization. The effects of residual compressive
stress on IGC were studied using samples treated by low plastic burnishing (LPB), which
produces a surface layer with high residual compressive stress. The results depended on
the plane of the treatment.

Keywords: Al alloys, intergranular corrosion, stress corrosion cracking,
compressive stress, low plastic burnishing.

INTRODUCTION
Tensile stress has been conclusively recognized to be a necessary component for

stress corrosion cracking (SCC) 1. It is known that a crack tip under tensile stress is more
active for SCC progression whereas in the compressive state the initiation and
propagation of SCC can be mitigated and decelerated 2. Compressive stress has been
found to increase the incubation period for SCC of AA7075 ten times higher than under
the tensile stress with the same K, 3. Application of a compressive stress modified
electrochemical reactivity and inhibited pitting initiation . More practically, the
development of residual compressive stress at the surface of a part by shot peening is a
standard preventive measure against SCC 5-8. Recently, surface compressive residual
stress layers have been found to retard pitting corrosion and corrosion fatigue in Al
alloys9' 10. Low plasticity burnishing (LPB) is one new method that has been shown to
reduce surface tensile stress and mitigate corrosion fatigue failure' .

SCC of high strength Al alloys is almost always intergranular in nature.
Intergranular corrosion (IGC) is a main form of localized corrosion in these alloys, and
IGC can transition into intergranular SCC (IGSCC) under tensile stress'2' 13. Tensile
stress increases the penetration rate of IGC by an amount that depends on the orientation
of the stress relative to the wrought microstructure' 2' 13. The effect of compressive stress
on IGC growth has not been studied, but it is reasonable to expect that IGC would be
stifled under compression. Compression is of interest because structures such as lower



airplane wings are under compression during on-field storage and are simultaneously
exposed to atmospheric corrosion conditions.

The purpose of this paper is to investigate how compressive stress reduces IGC in
AA2024-T3. The effect of the relationship between the direction of applied compressive
stress and the microstructure orientation is studied. The effect of residual compressive
stress is also investigated.

EXPERIMENTAL
Effects of applied elastic compressive stress on IGC

Cylindrical samples were machined from a 19 mm thick wrought AA2024-T3
plate (Cu 4.5%, Mg 1.45%, Mn 0.57%, Si 0.11%, Fe 0.25%, Zn 0.09%, Ti 0.02%, Cr
0.01%, and other elements total 0.05% max) purchased from Metalmen Sales, Inc. Figure
l a shows the microstructure of the wrought plate. The samples were 18 mm long and 8
mm in diameter to prevent buckling. A newly developed electrochemical cell was used to
investigate the influence of compressive stress on IGC, figure 2. The cell was a piece of
Teflon with through-holes drilled at right angles. The height of the cell was less than the
length of the sample so that the ends of the sample protruded through the cell and
physically contacted the mechanical frame fixture. The sample was sealed into the cell
using Miccrostop lacquer and the exposed area was 3 cm 2. A constant load was applied
either using weights hanging from a cantilevered arm in a creep rig or using a standard
hydraulic Instron mechanical testing machine. The applied load was equivalent to half of
the yield strength in compression. Cylindrical samples with different axial orientations
relative to the rolling direction, and thus having different orientations of the compressive
load, were tested: longitudinal (L or rolling direction), long transverse (T) and short
transverse (S or plate through-thickness) directions, Figure lb. The outer surface of the
cylinder was exposed to the solution and developed IGC upon application of a constant
potential of -580 mV SCE, which is in a range that will promote IGC. Because the
samples were cylindrical, the exposed surface included every orientation perpendicular to
the stress axis. For instance, IGC growth in the longitudinal (L or rolling direction) and
long transverse (T) directions on S planes was possible for the S samples. Cross sectional
optical microscopy was used to characterize the depth of IGC in the samples after the
experiments.

Because of the small volume of the cell, the 1.0 M NaCl solution was circulated
continuously from a reservoir through the cell past the sample. A Pt counter electrode and
saturated calomel reference electrode (SCE) were located close to the sample. The
circulation rate was about 55 ml/min. After applying the load and letting the system
stabilize at a constant strain, the samples were potentiostatically polarized at -580 mV
SCE, which is sufficient to initiate and grow IGC. The anodic current was recorded
during the potentiostatic experiment.

The strain change during the experiment was measured by a 1 inch strain gauge
extensometer or linear variable differential transformer (LVDT). Since the extensometer
gauge length was greater than the sample length, SS416 stainless steel shims were used
between the ends of the sample and the platens of the Instron testing machine. As IGC
penetrated into the sample, the load bearing area decreased resulting in an increase in
stress at constant load and thus an increase in strain. The IGC growth results in a change
in effective radius as a function of time, Ar(o = r, - r(t), where r. is the original radius of
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the cylindrical sample, and r(t) is the effective radius as a function of time. As described
below, Ar(t) can be determined by the length change of the cylindrical sample, Al(t),
which is the displacement measured by the extensometer or LVDT.

Effects of residual compressive stress on IGC
Residual compressive stress was developed by low plasticity burnishing (LPB),

performed at LAMBDA Research Inc. LPB produces a layer of compressive residual
stress of high magnitude and depth with minimal cold work by rolling a smooth ball
across the surface under a normal force sufficient to plastically deform the surface of the
material'°. Hertzian loading creates a layer of compressive residual stress to a depth
exceeding 1 mm11

Surfaces with two different orientations were treated by LPB. For S samples, the
S or short transverse face was treated by LPB. To eliminate complications associated
with microstructural differences near the surface of the as-received wrought plate, the S
samples, with dimensions of 25.4 x 50.8 x 8.5 mm, were cut from the middle of the plate.
The direction of the LPB treatment was either perpendicular to or along the rolling
direction for the treatment of S surfaces. For L samples, the L or longitudinal face was
rolled by LPB in the short transverse direction. Prior to applying LPB, all samples were
polished to 6 [tm SiC papers in ethanol. After LPB treatment, the residual stress and
percent cold work profiles were determined using X-ray diffraction peak broadening
Compressive residual stresses were found within a depth of 800 jim from the LPB-
treated' 4.

RESULTS AND DISCUSSION
Effects of applied compressive stress on corrosion

Figure 3 shows compressive stress-strain curves for AA2024-T3 cylindrical
samples having axial orientations in the L, T and S directions. An average Young's
modulus, E, of 72.4 GPa was exhibited. A load of 1020 kg was chosen to apply to the
samples, as this represents a stress about halfway to the yield stress, which was found to
be about 40 kg/mm2.

Cylindrical samples subjected to a constant compressive load and exposed to 1 M
NaCl at -580 mV SCE for different times were analyzed to study the growth kinetics of
IGC under compression. Figure 4 shows optical microscopy images of axial sections of a
compressed S sample after 10 h of polarization. The stress is applied vertically in these
images and the perpendicular axial sections show IGC growth in the L and T directions.
The primary form of corrosion is seen to be IGC. These images indicate that the depth of
IGC attack is somewhat greater in the L direction compared to that in the T direction.
The lengths of many individual IGC sites was measured and are shown in Figure 5 for the
L and T direction, along with foil penetration data showing, for comparison, the rate of
IGC growth in the L and T directions for unstressed samples15. The foil penetration
experiment measures the time for the first site to penetrate the tested foil, so only the
fastest growing site is sensed16' 17 18. In contrast, the sectioning method determines the
depth of IGC on only the sectioned planes, so it is likely that the fastest growing site in
the sample was not detected. Moreover, the measurements depend on the resolution of
the cross-sectional images. Nonetheless, the data in figure 5 indicate that the IGC growth
rates in the L and T directions measured using the compressed S sample are considerably
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slower than IGC measured during foil penetration experiments on unstressed samples.
Figure 6 shows sections of S samples after 20 or 23 h exposure in 1 M NaC1 at -560 mV
SCE with or without simultaneous application of compressive stress. The sections are
oriented to show IGC growth in the L direction. Both the depth and density of IGC
attack is seen to be less in the sample that was stressed in compression during exposure.
So compression in the S or through thickness direction, which is across the principal
plane of IGC attack, the L-T plane, significantly decreases the rate of IGC on that plane.
This is expected as the stress should act to close up the IGC sites. Interestingly, the
application of compressive stress half the magnitude of the yield stress does not
completely eliminate IGC, which can continue under compressive stress at a reduced rate.

Figure 7 shows optical cross-sectional images for a compressed L sample after
polarization for 10h. Longitudinal rather than axial cross sections are used for analysis of
IGC in this orientation. Figure 7a is a macro section of the tested sample, which shows
the material loss primarily aligning along the T or long transverse direction. Higher
magnification cross sections for the L sample given in Figure 7b-c show that the primary
form of corrosion is IGC along the T direction. The lengths of IGC sites growing in the T
direction were measured from several cross sections. Figure 8 shows the data along with

15data generated from foil penetration experiments on unstressed samples for comparison
Similar to samples with stress in the S direction, the growth of IGC in the T direction is
lower in the presence of compressive stress in the L direction compared to unstressed
samples. Compressive stress decreases the rate of IGC growth in the T direction by a
factor of about 2.

Cross sections of a compressed T sample after 10 h of exposure in 1 M NaCl at -
580 mV SEC are given in Figure 9. Longitudinal sections are also appropriate for
viewing IGC in a sample of this orientation where it grows primarily in the L direction.
Figure 10 shows the depth of IGC in the L direction along with the data from foil
penetration experiments on unstressed L samples15. The decrease in IGC growth rate in
the L direction for the compressed T sample relative to the stress-free sample is much
less than the effect of compressive stress in the other orientations. For both this
orientation and the compressed L sample, the stress direction is parallel rather than
perpendicular to the primary grain boundary orientation along the elongated grains on the
T-L plane. Therefore, the stress does not act to close down the IGC sites. In fact, the
Poisson effect should create a tensile stress in the perpendicular S direction, and the
application of very small tensile stresses in the S direction has been shown to greatly
enhance the rate of IGC growth in the L direction' 9. So it is perhaps not surprising that
the effect of compressive stress is smaller for the T sample compared to the S sample.
However, a similar Poisson effect would be expected for the compressed L sample,
which should also create a tensile stress in the S direction. As shown in figure 8, IGC
growth in the T direction is significantly reduced by the application of compression in the
L direction. The difference in behavior of these two cases is not understood, but might be
related to the grain dimensions in the different directions; it has previously been reported
that the average grain size in this plate is 50, 300 and 2000 ýtm in the S, T, and L
directions, respectively2 °.
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Measurement of IGC growth kinetics using strain change:
During the constant load tests, the compressive strain was found to increase with

time even though the applied stress was in the middle of the elastic range. From the basic
principles of elasticity:

a F= - =- (1)
E EA

where F is the elastic load, a is elastic stress, & is elastic strain, E is the Young's modulus
of the material, and A is the cross section of the cylindrical sample. Consider an S sample
with IGC growing inward from the outer surface along the L and T directions. The
effective radius of the round cross section of the cylindrical sample decreases as the
corrosion process proceeds. Assuming that the IGC attack is uniform along the length of
the exposed surface of the sample leaving an unattacked cylindrical core with effective
radius r(t):

F

Enr(t)2  (2)
Engineering strain is defined as e = Al/o0 , where Al is the change in length along the
compressive stress direction and lo is the original length. Furthermore, the effective
radius of the unattacked core region can be defined as r(t) = ro - Ar(t), where ro is the
original radius and Ar(t) is the effective change in radius or depth of IGC attack.
Substituting:

Al F
10 Eir(ro - Ar(t))2

Solving for Ar(t), the change in radius or depth of IGC can be determined from the strain
or length change of the sample with time:

Ar(t) = r -E rAl(t) (8)

In summary, as IGC proceeds inwards from the surface of an S sample along the L and T
directions, the load-bearing cross section decreases, the stress increases in the elastic
region, and the strain increases, which can be measured by a strain gauge. So the change
in strain with time can be converted to a rate of IGC growth.

Figure 11 shows the measured strain and calculated radius change with time for a
compressed S sample in 1 M NaCi at -580 mV SCE over 15 h. Clearly, the measured
strain and thus Ar(t) increased with time. Figure 12 compares the results of radius change
with other measures of IGC growth. The filled diamonds are the same data shown in
figure 11, but indicated here as IGC depth. Shown as filled circles are the radius changes.
They line up with an extrapolation of the data from the first experiment. The depths of
individual IGC sites measured from sections of different experiments are shown as open
squares. The IGC depths determined by sectioning and by strain change, which were
generated independently, correspond quite well and overlie each other, suggesting that
both approaches provide accurate assessments of the same phenomenon. Figure 12 also
contains the data from foil penetration experiments on unstressed L samples showing the
large effect of compression in the S direction on IGC growth in the L direction.
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Potentiodynamic and potentiostatic polarization under compressive stress
The anodic polarization curves for cylindrical S samples with and without

compressive stress are shown in Figure 13. For these cylindrical S samples, the exposed
sidewall area is a combination of L and T surfaces. The polarization curve for a flat,
unstressed L sample is also shown in Figure 13 for comparison. The open circuit
potential (OCP) measured for the unstressed flat L sample was lower than the others
because that measurement was made in deaerated solution, whereas the measurements on
the cylindrical samples were in aerated solution. The unstressed flat L sample exhibited
two breakdown potentials. The lower breakdown potential in AA3034-T3 has been
attributed to transient S phase attack and the higher breakdown potential to stable IGC
and pitting21. Since the attack associated with the lower breakdown is transient in nature,
it is not seen in aerated solutions. The current density of the unstressed S compression
sample (which has L and S exposed sides) in aerated solution was in the same range as
that of that for the unstressed flat L sample in deaerated solution near the second
breakdown potential, which indicates that the dissolution rates were similar for unstressed
samples in both aerated and deaerated solutions. Compared to the unstressed S
compression sample, the OCP of the compressed sample was higher, and the anodic
current density was lower by as much as a factor of 10.

In order to understand better the effects of compressive stress on IGC, AA2024-
T3 S samples were potentiostatically polarized at -580 mV SCE, which is slightly above
the second breakdown potential. For the stressed and unstressed samples, the current
density increased and leveled off after a few hours near 15 and 90 pA/cm2, respectively,
Figure 14. These results are consistent with the cross-sections and provide further
evidence for how applied compressive stress decreases the number of IGC initiation sites
retards IGC propagation.

Others have shown that SCC can still occur in mild steel and stainless steel under
22,23compressive stress . It was suggested that microscopic tensile stress exists in front of

the crack tip due to the inhomogeneity of the material. The AA2024-T3 studied in the
present investigation is very susceptible to IGC under the test conditions. It is possible
that corrosion products cause wedge-opening effects, which are reduced, but not
eliminated, by the application of a compressive stress.

Effects of residual compressive stress on IGC
The effects of applied compressive stress on IGC are difficult to investigate in situ

because of the physical constraints of applying a compressive load. The effects of
compression can more-easily be studied by using residual stress. Residual compressive
stress, such as developed by methods like shot peening, is commonly used on surfaces of
engineering structures to prevent corrosion fatigue 8, 9. Like shot peening, low plastic
burnishing (LPB) imparts a high-magnitude residual compressive stress on the surface of
a sample with minimal cold work . In this study, LPB was performed on flat surfaces
of AA2024-T3 with faces perpendicular to the S or L direction. As stated in the
experimental section, x-ray diffraction analysis indicated that the samples had a
compressive stress region extending 800 jtm into the surface with maximum values of
compressive stress and cold work of 50 ksi and 9%, respectively14. Figure 15 shows
cross-sectional optical micrographs of the LPB treated samples. It is difficult to
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distinguish changes in microstructure at the treated surfaces, which are the top edges of
each image.

The LPB treated samples were potentiostatically polarized at -580mV SCE in 1
M NaCl for 12 h. Figure 16 show cross sectional micrographs of exposed S samples with
and without prior LPB treatment. The cross-sectioning was performed to expose L
sections. The untreated S sample in Figure 16a exhibited an interconnected network of
IGC, with some grains lifting off, perhaps by exfoliation. The sample with prior LPB
treatment, shown Figure 16b, did note exhibit the IGC network. It appears that the
surface lost material almost to a uniform depth. The rate of exfoliation increases with
applied compressive stress24 . So it seems that the extent of IGC is less but exfoliation is
greater. The depth of attack for both samples exhibited considerable variability, but the
mean depth for 22 points along the LPB-treated sample, 193 ± 31 Pm, was significantly
less than that for the untreated sample, 141 ± 42 pim.

Figure 17 shows potentiodynamic polarization curves in deaerated 1 M NaCI for
S surfaces with and without LPB treatment. The LPB treatment decreased the passive
current density by a factor of about 3. Both curves exhibit passivation and breakdown
potential in the polarization. Moreover, the treated sample exhibited only one breakdown
potential; the current increased at a value between the breakdown potentials for the
untreated sample, and the currents merged at potentials above the second breakdown.
The phenomenon associated with the first breakdown in AA2024-T3, transient
dissolution of S phase particles, apparently did not take place on the LPB treated sample.

Figure 18 shows cross-sectional micrographs of L surfaces following
potentiostatic polarization at -580 mV SCE in I M NaC1 for 12 h. The LPB treatment
was applied by rolling in the S direction. The sample without LPB treatment exhibits IGC
growing straight down the L direction, whereas the grains near surface of the LPB treated
sample are bent in different directions. The depth of attack in the two samples was
similar. The potentiodynamic polarization curves for the two L surfaces were also very
similar, Figure 19. Both exhibit two breakdown potentials, but the second breakdown
potential was lower for the LPB treated sample, and the current was higher just above the
second breakdown. These results are in contrast to the strong benefits of applied
compressive stress on L surfaces described above, and suggest that there can be a
complex interaction between the stress direction and microstructure orientation.

The effects of compressive stress on intergranular corrosion in AA 2024-T3 are
associated with the effect of compression on intergranular SCC. The initiation and
propagation of IGC in Al alloys have been attributed to film rupture and anodic
dissolution, or hydrogen embrittlement 25-27. In the current study, the application of
compressive stress normal to the orientated IGC significantly reduced the number of
active sites and retarded the growth rate. Relative to applied tensile stress, compression
makes film rupture more difficult. Moreover, the compressive vicinity at crack tip may
delay the local hydrogen entry and mitigate the possible hydrogen embrittlement28' 2.

However, the compressive stress did not eliminate IGC. The magnitude of compression
studied was insufficient to fully close the intergranular sites. Dissolution could proceed
under the influence of the local electrochemical conditions (grain boundary composition,
potential, and electrolyte composition). The same was found with residual compressive
stress. Furthermore, the orientation of the stress to the elongated microstructure is critical
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CONCLUSIONS

1. The application of compressive stress at a level halfway to yield significantly
reduced the growth kinetics of IGC in the perpendicular direction, but did not
eliminate it totally.

2. The extent of the effect of applied compressive stress depended on the relationship
between the direction of the applied stress and to microstructure orientation.

3. The change in strain was successfully used as a measure of IGC growth under
applied compressive load.

4. Electrochemical measurements supported the findings of the beneficial effects of
compression on localized corrosion.

5. Residual compressive stress imparted by the low plastic burnishing (LPB) technique
improved the IGC resistance for certain conditions, but was not as effective as an
applied compressive stress.
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Figure 1. Microstructure and orienations of wrought plate AA2024-T3 (a) microstructure
(b) notation and configuration of tested sheet sample.
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Figure 2. Specially designed cell for electrochemical control of compression sample, with
sample inserted.
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Figure 3. Stress-strain curve in compression for AA2024-T3 in three perpendicular
directions.
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Figure 4. Optical microscopy images of axial sections of compressed S sample after 10 h
in 1 M NaC1 at -580 mV SCE. Compressive load was applied in S direction from top to
bottom. (a) section showing IGC growth in the L direction (b) section showing IGC
growth in T direction.
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Figure 5. Length of IGC growth in L and T direction in compressed S sample after 10 h.
Data from foil penetration experiments on unstressed L and T samples shown for
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Figure 6. Comparison of cross sectional images S samples with and without S
compressive load in 1 M NaC1 at -580 mV SCE. Compressive load was applied in S
direction from top to bottom. (a) and (b) unstressed S sample for 20 h; (c) and (d) S
sample subjected to compressive load for 23h.
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Figure 7. Optical microscopy images of longitudinal sections of compressed L sample
after 10 h in 1 M NaCI at -580 mV SCE. Compressive load was applied in L direction
perpendicular to the page. (a) macro section showing orientation of IGC, (b and c) two
higher magnification images showing IGC growth in the T direction.
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Figure 8. Length of IGC growth in T direction in compressed L sample after 10 h I. 5Data
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Figure 9. Optical microscopy images of longitudinal sections of compressed T sample

after 10 h in 1 M NaC1 at -580 mV SCE. Compressive load was applied in T direction

perpendicular to the page. (a and c) two images showing IGC growth in the L direction.
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Figure 10. Length of IGC growth in L direction in compressed T sample after 10 h
shown as open squares. Data from foil penetration experiments on unstressed L samples
shown for comparison' .
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Figure 11. Strain transient and calculated radius change with time for compressed S
sample in 1 M NaC1 at -580 mV SCE.
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Figure 12. Depth of IGC in L direction for AA2024-T3 in 1 M NaCl at -580 mV SCE.
Diamonds are calculated depth from strain change of S compression sample. Open
circles are also from strain change, but are end points of separate experiments. Open
squares are from cross sectioning S compression samples. Filled squares are unstressed
foil penetration data for AA2024-T3 samples in L direction.
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Figure 13. Anodic polarization curves of AA2024-T3 in 1 M NaC1 at 0.1 mV/s. Squares
are from S cylindrical sample under compression in aerated solution; diamonds are from
S cylindrical sample in compression cell but with no applied stress, in aerated solution;
triangles are from flat unstressed L sample in deaerated solution.
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Figure 14. Current density for cylindrical S samples with and without compressive stress
polarized at -580 mV SCE in 1.0 M NaC1.
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Figure 15. Cross-sectional optical micrographs of LPB treated samples. (a) unetched and
(b) etched sections of sample treated on S surface in T direction; (c) unetched and (d) (d)
etched sections of sample treated on L surface in S direction.
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Figure 16. Cross sectional optical micrographs of AA2024-T3 S surfaces after
potentiostatic polarization at -580 mV SCE in 1.0 M NaCi for 12h (a) no LPB treatment
(b) LPB-treated S sample.
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Figure 17. Anodic polarization curves of AA2024-T3 S surfaces with and without LPB
treatment in deaerated 1.0 M NaCI at 0.1 mV/s.
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Figure 18. Cross sectional optical micrographs of AA2024-T3 L surfaces after
potentiostatic polarization at -580 mV SCE in 1.0 M NaCl for 12h (a) no LPB treatment
(b) LPB-treated S sample.
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Figure 19. Anodic polarization curves of AA2024-T3 L surfaces with and without LPB
treatment in deaerated 1.0 M NaCl at 0.1 mV/s
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The Effects of Prior Deformation on Localized Corrosion of Al Alloys
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Abstract
In this study, the effects of prior deformation on the localized corrosion of high strength
Al alloys is studied. Samples were deformed in tension to various extents and examined
using electrochemical techniques and by simple immersion and observation. In AA2024-
T3, prior deformation resulted in an increase in the passive current density and
elimination of the peak associated with the first breakdown. In AA7075-T6, both the first
and second breakdown potentials decreased with increasing amounts of prior
deformation. The amount of attack on the surface of AA2024-T6 during open circuit
exposure to chloride solutions increased with increasing amount of prior deformation.
An in situ observation technique was developed to investigate the cause of the first
breakdown in AA7075-T6. Compelling evidence was generated to support the notion that
the first breakdown is caused by transient dissolution of a surface active layer created by
deformation during sample preparation.

Introduction
Aluminum alloy 2024-T3 is widely used in the aircraft industry because of its

high mechanical strength and low density. During production, this wrought alloy is
solution heat-treatmented, quenched, cold stretched to a certain amount and finally
natural aged to a substantially stable condition[l1]. The microstructure of AA2024-T3 has
been shown to contain[2] (1) x Al matrix, (2) constituent particles from melt
solidification and solid phase transformation products including S phase (Al2CuMg) and
AlCuFeMn phase, (3) fine precipitates of S phase both inside the grains and at the grain
boundaries. The S and AlCuFeMn constituent particles not only survive (are not
redissolved) but also grow in the T3 heat-treatment. The rolling operation results in a
grain size between 50 Vm and 700 [im. The constituent S and AlCuFeMn phase particles
have a size as large as 30 p±m. TEM has revealed smaller precipitates in the matrix as
needle shaped hardening precipitates with a long length 200 nm. At the grain boundary,
needle shaped precipitates (Al2CuMg) with average length of 100 nm were found. Such
heterogeneous microstructures primarily have been developed to optimize mechanical
properties, but they also render the alloy more susceptible to different forms of corrosion
like pitting corrosion, intergranular corrosion, stressing corrosion cracking and
exfoliation corrosion[2].

High strength aluminum alloy 7075-T6 is another widely used alloy in the aircraft
industry. SEM and TEM studies of AA7075-T6 revealed a heterogeneous
microstructure[3]: Al matrix, large constituent second phase particles such as A12CuMg,
A12Cu and A17Cu2Fe, small strengthening precipitates (1I' and rI phases) and the grain
boundary region which includes precipitate free zone and Mg(ZnCuA1) 2 precipitates.

Both of these alloys are susceptible to environmental cracking in aggressive
environments. Most studies of the interaction of mechanical stress and corrosion deal
with measurement of the mechanical properties either during or after exposure to a



corrosive environment. In most aerospace applications, corrosion occurs on the ground
with minimal static loads and mechanical stressing occurs during flight when the
temperatures are very cold and corrosion is not an issue. The effects of pre-corrosion on
mechanical properties are certainly of interest, but the effects of pre-stress on corrosion
should also be of interest and this has received little attention. Pre-stress is the focus of
this project.

Microstructural changes due to deformation are of interest because the
microstructure controls the electrochemical properties. The hypotheses of the ongoing
work are: 1) Pre-stressing produces surface defects such as: slip lines, slip bands, micro-
cracks, decohesion between phases, besides, the surface becomes rougher; 2) The surface
defects make the passive film less stable than a flat surface; 3) Surface defects may serve
as potential sites for pitting initiation; 4) Rougher surface may induce more meta-stable
pitting and subsequent stable pitting; 5) Process-induced surface active layers can be very
susceptible to attack; 6) All these changes will render the material less resistant to
corrosion provided an aggressive environment is present.

Polarization curves for AA-2024-T3 and Cu-containing AA7xxx-T6 alloys
exhibit two breakdown potentials, whereas the Cu-containing AA7xxx alloys in the T7
temper exhibit only one[4, 5]. It was shown that the first breakdown in AA7075-T6 was
associated with transient dissolution of a surface layer and the second resulted from
sustained localized corrosion[5]. Recently, Isaacs showed that this surface layer attack
was associated with a susceptible region formed by abrasion during sample
preparation[6]. He found a streak-like attack following polishing grooves on the surface.
Surfaces treated electrochemically or by ion milling did not exhibit the same behavior.
Afseth and coworkers had previously proven the existence of such an active surface layer
on lower strength Al alloys[7], but Isaacs' work was the first to show the phenomenon in
high strength materials. These active surface layers are another form of microstructural
change caused by pre-deforming a sample.

Different tests were used to determine the difference in behavior of samples
before and after deformation. Potentiodynamic polarization on macroscopic sample area
was used to reveal the passive region and identify the values of the two breakdown
potentials. Exposure to NaCl solutions at OCP condition has also been used to test the
corrosion properties of samples. To study the corrosion behavior of individual second
phase particle decohesion and micro-cracks, the microcell technique was used[8]. This
technique allows the study of areas on the scale of microns. The background noise is
greatly reduced and information of the studied object is obtained. Finally, the breakdown
of surface active layers in AA7075-T6 and T7 were studied using in-situ observation of
the surface during polarization.

Experimental
Dog-bone shape samples were cut from AA2024-T3 and AA7075-T6 sheets. The

tested surface of all the samples was the ST or rolling surface and the tensile axis was the
rolling direction. All the samples were ground in ethyl alcohol with SiC abrasive paper
from 400 to 1200 grit, followed by final polishing in 1 ,im diamond paste. The polished
samples were then cleaned ultrasonically in ethyl alcohol. The ductilities in air of
AA2024-T3 and AA7075-T6 are 12.5 and 16%, respectively and their 0.2% offset yield
strains are 0.7% and 0.98%, respectively. The 810 MTS (Material Testing System)
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tension testing machine was used to pull the samples to various strains along the rolling
direction using an extensometer to measure the strain. The test machine automatically
stopped as soon as the pre-set strain was reached. Scanning electron microscopy (SEM)
and optical microscopy were performed to observe the sample surface microstructure.
Surface features were documented on freshly polished, plastically deformed and corroded
samples. Regions with big constituent particles, micro-cracks were given special attention.
Solutions were prepared with reagent grade NaCl and deionized water. The solution was
open to air when the tests were conducted at OCP condition in NaCl solution.
Potentiodynamic polarization tests were performed in 1 M or 0.5 M NaCI solution
deaerated with Ar.

Microcell tests were conducted using a microcell setup with 1 M NaCl solution,
Figure 1. The microcell is basically a glass capillary with ground tip that is inserted into a
microscope objective holder and is landed onto a specific location on the sample
surface[9]. The tip size of 40 microns was used in this work, and the end of the tip was
sealed with silicone rubber to prevent electrolyte leaking. A Pt wire is used as counter
electrode, and an SCE reference electrode is connected to the cell with an electrolyte
bridge.

The breakdown mechanisms of AA7075-T6 and -T7 were studied using a special
cell placed in an optical microscope that allows in-situ observation of the surface during
polarization, Figure 2. The image is captured by a VCR. The polarization curve from the
potentiostat is recorded by the computer and subsequently animated using special
software. Finally, a film of the sample surface and the changing polarization curve are
combined in a single movie clip. The combination of the surface image and polarization
curve on one screen allows for determination of the surface corrosion processes as a
function of potential. The samples were made from AA7075-T6 and -T7 sheets polished
to 1 micron with diamond paste. Samples were then potentiodynamically polarized at 0.2
mV/sec in 0.5 M NaCl solution in the special cell. Tests were stopped at different
potentials and the samples were studied using optical microscope and SEM. The result
was compared to the in-situ movie to determine the mechanism of the breakdown.

Results
Anodic polarization tests

Figure 3 shows typical potentiodynamic polarization curves for AA2024-T3
samples with 0, 1 or 2% tensile pre-strain. For the unstrained samples, two breakdown
potentials were observed, as has been observed previously for this alloy. For samples
tested after the application of a strain high enough to cause bulk plastic deformation, the
first breakdown potential was not clearly exhibited. A slight change in slope was
observed at a potential around -700 mV SCE. Plastic deformation increased the current
density in the passive region up to the point just above the first breakdown. The second
breakdown potential after plastic deformation was close to that for the unstressed samples
but the current density was higher.

Potentiodynamic polarization curves for AA7075-T6 in deareated 0.5 M NaCl are
shown in Figure 4. Both breakdown potentials decrease continuously with increasing
amounts of prestressing. This is quite different behavior than AA2024-T3, which shows
increased corrosion rate after pre-stressing, but little change in breakdown potentials. It is
speculated that the transient dissolution associated with the first breakdown potential in
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AA 2024 T3 is dominated by the active S (AI2CuMg) particles, which are not changed
much by deformation. However, in AA7075-T6 the transient dissolution is dominated by
the surface active layer, details of which are discussed below.

Cathodic polarization tests
Cathodic polarization tests were also done to reveal the effect of pre-stressing on

the cathodic reaction. Figure 5 shows typical cathodic curves for AA2024-T3 samples
with 0%, 3% and 9% pre-strain. Measurements were made in deareated 1 M NaC1 at a
scan rate of 1 mV/s. In this deaerated electrolyte, the primary cathodic reaction is
hydrogen evolution by the reduction of water. The cathodic reaction rate at a given
potential increased slightly for increasing amounts of pre-strain. The increased cathodic
reaction rate may have been due to the increased area of the roughened sample surface
created by the plastic deformation. The same trend is seen in the tests on AA 7075 T6,
Figure 6. Again there is a slight increase in the cathodic reaction rate at a given potential
with increasing amount of pre-stress.

Observation at OCP
AA 2024 T3 samples with 0 or 9% pre-strain were exposed to aerated 0.0005 M

NaCl solution at OCP condition for 20 h. Figures 7 and 8 are optical microscopic images
of the surface of the sample with 0 and 9% prestrain, respectively, after OCP exposure.
The 9% deformed samples showed more extensive corrosion with copper redistribution
around the corroded sites. In addition, for the sample with 0% pre-strain, there were
several clusters of constituent particles that appear to be untouched, neither being
attacked nor inducing matrix dissolution around them. In contrast, deformed samples
rarely exhibit such unaltered particles; in Figure 4 nearly every particle is altered.

Due to the focal depth limitation of optical microscopy, detailed information
regarding corrosion of individual particle is not possible. So SEM was utilized to observe
the feature on the corroded surface. Figure 9 and 10 are SEM images of samples with 0
and 9% prestrain, respectively, after exposure to 0.0005 M NaCl for 20 h. Small holes
that might have resulted from dissolution of S phase particles are evident in both as is
matrix dissolution around big constituent particles. However, similar to what was seen in
the optical micrographs, the undeformed sample exhibits many AlCuFeMn particles with
no corrosion around them, and the deformed sample exhibits extensive matrix dissolution
even around small AlCuFeMn particles. This suggests that plastic deformation
accelerates the matrix dissolution around noble AlCuFeMn particles.

Micro-cracks in the matrix were documented before and after the OCP corrosion
tests. In general, these experiments revealed that the micro-cracks are not as active as S
phase particles. The occlusions created by these microcracks can be sites where the
environments supporting localized corrosion can be more-easily stabilized, so micro-
cracks could act as preferential sites for stable pit formation. Figure 1 la shows a
microcrack formed on the surface of a sample deformed to 9% strain. After exposure in
0.001 M NaCl solution for 17 h, severe attack was found at this site, Figure l lb.
However, other cracks remain totally inactive for long periods of OCP exposure.
Reasons for such discrepancies might be the size of the cracks or how they are produced.
Deep cracks might favor pit formation compared to shallow cracks. A crack associated
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with an S phase particle just below the surface might also favor pit formation. More work
is needed to understand these factors.

Microcell Tests
Figure 12 shows typical polarization curves from microcell tests on AA 2024 T3.

in aerated 1 M NaCl at 1 mV per second. For each test, one big AlCuFeMn particle was
included in the exposed area. For the pre-stressed samples a particle with an associated
microcrack was chosen for testing. The deformed samples exhibit lower breakdown
potentials and much higher current density above the breakdown potential, again
supporting the enhanced reactivity of microcracks.

Mechanism forAA 7075 T6
Figure 13 shows a typical polarization curve for AA7075-T6 in aerated chloride

with the different regions labeled. In an aerated solution, the corrosion potential is often
pinned at the first breakdown potential, and polarization above the corrosion potential
results in large currents, Stage I. This breakdown is not sustained, however, and as the
potential is scanned further upward, the current reaches a maximum and then decreases,
Stage II. At some higher potential the second breakdown potential is reached, and the
current starts to increase once more, Stage III. As described in the experimental section,
the image of the corroding surface was recorded during potentiodynamic polarization and
subsequently combined with the animated polarization curve to facilitate determination of
the potential range for each behavior. Figure 14 shows the result for AA7075-T6, with
the image taken at the very beginning of the polarization experiment. The image of the
surface is placed at the upper right comer while the animated polarization curve lies at
the lower left comer. The complete polarization curve is shown above the animated one
to allow recognition of the instantaneous potential. The movie is included in the attached
file and the whole test can be reviewed by just clicking the movie twice.

As potential scans upward, the current increases in Stage I and the surface image
shows gray areas initiating and spreading across the surface, Figure 15. These patches
move in all directions; on a well polished sample there is no obvious preferential growth
direction as Isaacs found on a ground surface. Very small hydrogen bubbles are left
behind the moving dissolution front. Another test was stopped at a potential in the middle
of Stage I as the current was increasing. The sample was dried and examined under an
optical microscope. The images in Figure 16 were taken at the edge of one colony of
dissolved surface thin layer at different magnifications. The thin layer was expanding
from the top of these images downward. Most of the surface inside the colony is
dissolved except for small unattacked areas in between the major patches of attack. At the
periphery, the dissolution front looks discontinuous and separated. The current reaches a
maximum and starts to decrease signifying the start of Stage II. However, the images of
the surface indicate that the same phenomenon is occurring at the surface during Stage II
as during Stage I - the patches continue to spread, Figure 17. It is likely that the current
decreases because the total amount of patch perimeter decreases as the area is essentially
consumed by the process. Figure 18 shows an optical microscope image of the surface of
a sample from another test that was stopped at a potential in the stage II. Most of the
exposed surface thin layer had dissolved at this potential, but small unattacked areas were
still evident, indicating a very heterogeneous surface microstructure. All the big second
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phase particles became darkened and discolored. However, no pitting or any localized
corrosion were seen at this potential. Without sustainable forms of corrosion, the current
in the polarization curve had to decrease even though the potential was stably stepping up.

As the potential was increased above the second breakdown, the current started to
increase again. In this stage, the attack was dominated by stable localized corrosion,
which is confirmed by the generation of hydrogen bubbles at a few fixed spots instead of
uniform production across the whole surface, Figure 19. The forms of localized corrosion
could be pitting, IGC or selective grain dissolution[5]. Examination by optical
microscope found pits up to tens of microns. The whole surface appeared to be darker
than just above first breakdown.

Only one breakdown was observed for AA7075-T7 polarized in 0.5 M NaCI
solution at 0.1 mV/s. The single breakdown potential is similar in value to the first
breakdown potential of the T6 temper, which suggests that the second breakdown
potential simply decreased and current associated with this breakdown just dominated the
lower current associated with the still present first breakdown. However, the surface
image tells a different story, Figure 20. As the potential was increased above the OCP,
the current increased, but there was no evidence of a layer spreading across the surface.
Hydrogen bubbles started to form at fixed spots on the surface and the rest of the surface
appeared bright. Optical microscopic observation after the experiment confirmed that the
attack was localized corrosion; large pits with shiny bottoms were randomly distributed
across the surface, Figure 21.

Discussion
Pre-mechanical stressing has different effects on the corrosion susceptibility of

different high strength aluminum alloys. Both AA2024-T3 and AA7075-T6 exhibit two
breakdown potentials, and the effect of prestrain on these potentials was studied using
electrochemistry and video monitoring of the surface.

The first breakdown potential in AA2024-T6 is associated with transient
dissolution of active S phase particles and the second with stable localized corrosion.
Prior stressing has no effect on either of these processes, but the current density up to the
first breakdown and at the onset of second breakdown is increased with increasing pre-
strain, which is reasoned to be a result of defects due to deformation.

The first breakdown potential in AA7075-T6 is apparently associated with the
attack of a surface active layer that is formed during sample preparation. It is speculated
that the nm-size hardening MgZn2 particles are destroyed during regular polishing,
allowing Zn and Mg to redissolve into the matrix. The active elements redistribution in
the matrix together with plastic flow makes the extreme surface layer significantly more
susceptible to corrosion. Mechanical deformation makes the surface roughened and
introduces defects into alloy surface. As a result, the first breakdown potential is
decreased because the surface thin layer is easier to breakdown compared to as-polished
sample that has a very flat surface. The second breakdown is decreased for the same
reason.

For both alloys, mechanical deformation slightly increases their cathodic reaction
rate and this might be attributed to the increased surface area of roughened surface.
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Figure 1. Configuration of microcell
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Figure 2. Flow chart of in-situ observation approach
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Figure 3. Potentiodynamic polarization test (in deareated 1M NaCI solution) of AA 2024
T3 samples after application of different levels of strain (scan rate: 0.2 mV/sec).
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Figure 5. Cathodic polarization tests of AA 2024 T3 samples with different deformation
strains in deaerated 1 M NaCl at 1 mV/s.
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Figure 6. Cathodic polarization tests of AA 7075 T6 samples with different deformation
strains in deaerated 0.5 M NaCI at 1 mV/s.
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Figure 7. Optical microscopic image of non-deformed samples immersed in 0.0005 M
NaCl solution for 20 hours. Arrows show particles that are unattacked.
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Figure 8. Optical microscopic image of 9% deformed samples immersed in 0.0005 M
NaC1 solution for 20 hours

Figure 9. SEM image of non-deformed sample immersed in 0.0005 M NaC1 solution for
20 hours. Red arrows indicate unattacked particles.

11



Figure 10. SEM image of 9% deformed samples immersed in 0.0005 M NaCi solution for
20 hours. Red arrows indicate attack around small particles.

Figure 11 (a) Optical images with active micro-crack of the 9% deformed sample before
corrosion test. (b) Optical image of the same sample after immersed in 0.001 M NaCl
solution for 17 hours.
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Figure 13. Typical potentiodynamic polarization curve of AA 7075 T6 in aerated NaCl
solution.
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Figure 14 One frame of the movie showing surface reaction movie, animated polarization
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Figure 15 Surface reactions at a potential just above the first breakdown
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Figure 16 Optical microscopic images of the corroded surface at a potential in stage one
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Figure 18 Optical microscopic images of the corroded surface at a potential in stage II.

15



Vr C/ .t fo!"tl

I-.rtrt"-r !:r'1 04*

I -... .... .. . 4 ,
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T6.

- S 5 r, r

Mlor ,7 T IA.f. 4

P•:,fI, r* , C1,-, 1 w~r

:,' . .... .. , o• •e•.,-in rale • 1i', ei

Figure 20 Surface reactions at a potential above OCP for AA 7075 T7

Figure 21 Evidence of localized corrosion above the breakdown potential of AA 7075 T7
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ABSTRACT

Microfocal x-ray radiography was used as an in situ non-destructive evaluation method to
study intergranular corrosion (IGC) and intergranular stress corrosion cracking (IGSCC) in
AA2024-T3. This method provides information on the morphology and growth kinetics of
multiple IGC and IGSCC sites, as well as the transition between IGC and IGSCC. An elastic
strain was applied using a modified ASTM G49 fixed displacement jig. Application of tensile
stress in the transverse direction, parallel to the IGC faces growing in the L direction, led to
coalescence of the IGC sites and transition into IGSCC that was nominally normal to the applied
stress. Fractography and micrography of penetrated foils presented ex situ visions of the
coalesced IGCs. Potentiodynamic polarization revealed that the small elastic strain decreased the
breakdown potential. Current transient measured during potentiostatic polarization showed the
effects of stress on IGC growth.

Keywords: aluminum alloys, intergranular corrosion, stress corrosion cracking, transition,
coalescence, in situ, x-ray radiography.

INTRODUCTION

High strength aluminum alloys are susceptible to intergranular corrosion (IGC) and stress
corrosion cracking (SCC). SCC in aluminum alloys is almost exclusively intergranular"3 . The
relationship between IGC and intergranular stress corrosion cracking (IGSCC) has been
discussed over dozens of years4 7. The combination of stress and electrochemical reactions can
alter the local environment at the IGC tips, which can either accelerate or slow down the growth
rate, or favor the initiation of IGC at other sites. It has been suggested that an intergranular (IG)
crack subjected to a normal tensile stress can develop into IGSCC 8. However, the influence of
tensile stress parallel to a crack tip on the subsequent growth is unclear, as are the details of how
IGC transitions into IGSCC. In order to predict the failure of real structures, IGC and SCC need
to be monitored in situ. Zhao et al. used x-ray radiography as a non-destructive evaluation
(NDE) to study IGC and exfoliation corrosion in AA2024 and AA71789. We have described the
use of x-ray radiography to image in situ the initiation and growth of multiple IGC sites in
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AA2024 growing in the longitudinal direction with an applied normal tensile stress 1 A
competition between the IG cracks was observed. The deepest crack at the beginning of the
experiment was found to slow and stop growing, and was then surpassed by another crack that
eventually penetrated through the sample. The results of the radiography technique were found to
be in agreement with data generated using the stressed foil penetration method. Although they are
quite different, both approaches can accurately determine the rate of the fastest growing crack. In
the current study, x-ray microfocal radiography was put to further use in the study of SCC of
AA2024-T3.

EXPERIMENTAL

Two wrought AA2024-T3 plates (Cu 4.5%, Mg 1.45%, Mn 0.57%, Si 0.11%, Fe 0.25%,
Zn 0.09%, Ti 0.02%, Cr 0.01%, and other elements total 0.05% max) with 19 and 89 mm
thickness, respectively, were purchased from Metalmen Sales, Inc. The microstructures of the
two plates are shown in Figure 1. Sheet samples were sliced from the plates in specific
orientations relative to the rolling direction using electrical discharge machining (EDM). Figure 2
schematically shows the nomenclature used for sliced samples. L and T sheet samples were
jointed with laser-welded tabs to extend their length 12. For the sample designated L-T, tensile
stress was applied in the T or transverse direction and the L or longitudinal section was exposed
to solution, allowing cracking in in the L direction. Stress was applied using a modified ASTM
G49 fixed-displacement jig. The sheets had dimensions of 79 x 5 mm, and were reduced in
thickness to 1.05 mm by grinding and polishing. The stressing jig applied a fixed displacement
along the sample length with initial strain about half of the strain at yield. The narrow edge (79 x
1.05 mm) of the sample was exposed to the solution so that cracks propagated along the width. A
small electrochemical cell was sealed on the top of samples, allowing potentiostatic polarization
of the sheets. The electrochemical cell has been described in detail elsewhere' 2.

The details of the X-ray microfocal radiographic imaging technique and the
electrochemical measurements were described previously9' 13. X-ray absorption through the
sample thickness results in a negative, gray-scale, radiographic image in which higher density
regions such as intermetallic particles are bright and lower density regions associated with
intergranular threads or corrosion product are dark.

In all radiographic experiments, the samples were potentiostatially polarized at -580 mV
SCE in 1 M NaCl. Potentiodynamic polarization was performed on both AA2024-T3 plates in
deaerated 1 M NaCl at 0. 1mV/s.

RESULTS AND DISCUSSION

Potentiodynamic polarization of L and L-T samples

Representative potentiodynamic polarization curves in deaerated 1 M NaCl for unstressed
L surfaces and L-T samples stressed in tension to an initial strain of 0.28% are given in Figure 3.
Three replicate measurements were made for each condition and representative curves are
presented. Both samples exhibit spontaneous passivation and one breakdown potential, which
was lower for the stressed L-T samples than for the unstressed L sample (averages of -780 and -
670 mV SCE, respectively). Similar findings were reported for unstressed S and stressed S-T and
S-L samples14. Metastable pitting current transients are is evident in the passive range for the L-T
sample. Potentiodynamic polarization measurements were also made on unstressed L sections
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and L-S samples cut from a thick plate (89 mm) of AA2024-T3, Figure 4. The L-S samples were
stressed to an initial elastic strain of only 0.18% in the S direction (less than half of the strain at
yield). Again, the elastic stress decreases the breakdown potential; the average values were -660
and -710 mV SCE for unstressed L and L-S, respectively. The elastic stress seems to enhance the
stability of the initial breakdown events.

Radiography of Unstressed L and T Samples

Figure 5 shows a time sequence radiographic images of an unstressed L sample during
polarization in 1 M NaCl at -580 mV SCE. The top edge of each image was the exposed L
surface of the sample. The horizontal white line 1.5mm below the surface is from the lacquer
used to seal the end of the cell lips 10 and the vertical white streaks are the result of intermetallic
particles lined up in the L direction. With time, dark streaks associated with IGC grow from the
top exposed surface downwards in the L direction. After 20 min, Figure 5a, only a few IGC sites
are evident. During the time period from 1-3 hr, Figures 5b-d, more IGC sites initiated and their
depth increased. Figure 5e shows the high density of straight and sharp IGC sites aligned in the L
direction after 25.5h. The IGC density and the IGC length are approximately uniform along the
full length of the sample.

Figure 6 shows the series of micrographic images for an unstressed T sample. These
images exhibit different morphologies than those from the L sample in Figure 5. The
intermetallic particles are less elongated, reflecting the shorter grain dimensions in the T
compared to the L direction. The images from the first 20 minutes, Figures 6a-b, show almost no
evidence of IGC, with attack just visible after 1 h of exposure, Figure 6c. With longer exposure,
Figure 6d-e, more IGC sites initiated and grew in the T direction, but at a slower rate than in the
L sample. Furthermore, the attack was diffuse rather than straight and sharp as in the L sample.
Figures 6f and 6g show higher magnification images on the left and right sides of the sample,
respectively, after 120 h exposure. The cracks are seen to link along the S direction, forming a
network. Some white features, apparently unattacked grains, can be seen extruded out of the top
surface, which might be attributed to stress generated by the corrosion process, as is discussed
below.

The lengths of fastest growing cracks in L and T samples were measured as a function of
time from the x-ray films and are shown in Figures 7 and 8, respectively. Also shown in these
figures are data from foil penetration experiments. Recall that the foil penetration experiment
measures only the time for the first site to penetrate the foil, or the fastest growing site 15-17. The
open circles in Figure 7 represent the depth of the deepest site at any given time in the in situ
radiographic experiment, which is a combination of the data from different sites. These data
almost overlie the data from the foil penetration experiments under the same condition, which are
indicated as filled squares in the plots. The similarity in the data from two different techniques
suggests that both approaches provide accurate assessments of crack growth rates. However, the
foil penetration technique does not provide information on the propagation rates of individual
sites, only the nominal fastest rate for an ensemble of sites 18,19

Transition ofIGC to IGSCC in L-Tsample

IGC is constrained to the intergranular region, which is primarily between the grains
elongated in the L and T direction of a wrought microstructure. Stress is commonly applied to
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such a microstructure along the L and T directions, or nominally parallel to the grain boundaries.
It is of interest to know how IGC, constrained by the microstructure to be parallel to an applied
stress develops into IGSCC that is perpendicular to the applied stress. To study this transition, an
L-T sample was tested in the radiographic experiment. The sample was stressed in the T direction
with initial strain of 0.28% and the corrosion attack grew from the exposed L face in the L
direction. X-rays penetrated through the sample thickness in the S direction. Figure 9 shows a
time series of radiographic images of the L-T sample. These images exhibit quite different
cracking morphology than those of the L sample in Figure 5 and the T sample in Figure 6. The
IGC is seen to be a wavy diffuse as it grows in the L direction. It was previously reported that the
average dimension for the tested material at the ¼ T section was approximately 50 p.m in the S
direction 17, 20. The thickness of sheet sample used in in situ x-ray radiography study was 1.05
mm, indicating that there were about 21 grains through the thickness of this sample in the S
direction. All of these grains were illuminated by the X-rays. Note that it is impossible to
distinguish the individual IGC or intermetallic particles in this orientation. The radiographic
image is an integration of all individual IG attack through the sample thickness (S direction).
The cracks appear wavy rather than straight as in the L sample because of this nature of the
sample orientation relative to the IGC orientation. Many cracks were found along the length of
the sample, but one site became longer than the others and almost penetrated the sample after
78.5 h. The sample was bent open at end of that crack even though the ends were constrained by
the uniaxial tensile stressing jig. This suggests that the corrosion products produced a wedging
stress that forced opened the sample. Figure 9e shows the sequence of images of the longest crack
(indicated by an arrow in Figure 9a) at higher magnification. Instead of growing directly
downward in the L direction, the IGC spread along the grain boundaries in the S plane. Figure 9e
also exhibits the IGC in the S plane is aligned with rather than perpendicular to the T stressing
direction. Figure 10 is an unetched optical metallographic section of the L-T sample after the
experiment. The section is oriented in the same direction as the radiographic images. Most of the
IGC was in the plane of the section, and only the grain boundary regions in the S direction
between the elongated grains are visible. Branching of the attack is seen at triple points where a
grain boundary in the L direction ends.

Further clarification of the morphology of the L-T samples was obtained using the
stressed foil penetration experiment. Details of this approach are given elsewhere"4 . The time for
corrosion to penetrate a stressed foil sample is measured. In this orientation, an area on the broad
face of the sample is exposed to the solution rather than a thin edge as in the in situ radiography
experiment. Because of the dimensions of the foil penetration sample, it is not possible to get in
situ radiographic images so the sample was examined by radiography after the experiment, when
corrosion had just penetrated through the sample. Figure 11 shows x-ray micrographic and cross
sectional images for foil penetrated L-T samples. Similar to the L-T radiographic sample shown
in Figure 9, the sample was stressed in the T direction and the exposed face is an L plane, so the
attack grew in the L direction. In this case, however, the x-rays penetrated along the growth
direction, or the L direction. The intermetallic particles are still evident in this orientation, Figure
1 la. Also seen, and at higher magnification in Figure 1 lb, are short dark lines elongated in the T
direction. These are the IGC sites that penetrated the sample in the L direction. Figure 1 lc is an
unetched metallographic section along the T direction, or loading direction. The cracks are seen
to have grown in the L direction, which is perpendicular to the loading direction, but figure 9b
shows that the primary crack face was in the S plane, or parallel to the loading direction.
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To better understand the initiation of singular IGC sites and their coalescence, a pre-
notched sheet L sample (80 x 4 x 2 mm) was potentiostatically polarized in 1 M NaC1 at -580 mV
SCE for 4 h without the stressing jig. The thin edge, which was the L surface, was exposed to
solution, allowing IGC growth in the L direction. After the exposure, the sample was pulled in
tension in the T direction until it fractured, which occurred beneath the pre-notch. Figure 12
shows the T-oriented fracture plane and all IG cracks propagated in the L direction from top to
bottom. Regions ruptured by mechanical overload are denoted in this figure by the letter "R."
These regions separate parallel IGC regions, a large one of which is shown at the right part of
Figure 12.

To further understand the coalescence process in IGSCC, a similar L-T sample as in
Figure 9 was given the same polarization in 1 M NaCl. The sample was constrained in the
stressing jig with a fix displacement (0.28% initial strain) and cracks grew in the form of IGSCC.
The sample was pulled apart after the exposure, and the surface show the coalescence process of
IGSCC, Figure 13.

Figure 14 is a schematic representation of the development of IGC propagating in the L
direction into an IGSCC crack perpendicular to a stress applied in the T direction. The rectangles
are meant to represent the microstructure of an exposed L surface, with grains elongated in the T
direction and thin in the S direction. The grains are further elongated in the L direction
perpendicular to the page. During the initial stages of exposure, Figure 14a, IGC is initiated and
grows in the L direction along the grain boundaries. As the microstructure is weakened by this
IGC growth, the grains start to slide apart along the S planes and open up along the grain edges
on the T planes, Figure 14b. This process is like a deck of cards being split apart. When the grain
edges coalesce into a single crack, Figure 14c, the transition from IGC to IGSCC is complete.

Growth Kinetics of lGC and IGSCC in L-T sample

The depth of the deepest site as a function of time for the L-T sample was determined
from the radiographic images shown in Figure 9, and is shown in Figure 15. The growth rate is
much slower than for L-S and T-S samples, which were stressed in the S direction' . Obviously,
the stressing direction and crack propagation orientation have a large effect on the SCC growth
kinetics. Also shown in Figure 15 are the IGC depths of unstressed L and T samples determined
from radiographic experiments. The IGC growth rate in the T direction is slightly slower than
that in the L direction, and IGC in stressed L-T is slightly faster than in the unstressed samples.
Elastic tensile stress in the T direction increases the growth rate in the L direction despite the
Poisson effect, which should exert a compressive stress in the S direction, which is the orientation
of the IGC crack faces prior to transition to IGSCC (Figure 1 lb). This effect should close the
IGC cracks and slow their growth. The primary effect of the T stress is to allow the T edges of
the IGC to coalesce and form an IGSCC crack perpendicular to the applied stress in the T
direction.

Current Responses of L and L-T samples

Figure 16a shows the current response from the L-T experiment shown in Figure 9 and
from an unstressed L experiment that was performed in the same configuration as the in-situ
radiography experiments (exactly like the experiment shown in Figure 5, but a different run
without radiographic imaging). Both samples were polarized at -580 mV SCE in 1 M NaCl. It is
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interesting that the current measured on the unstressed L sample was about twice that measured
on the stressed L-T sample even though the rate of corrosion growth was faster on the L-T
sample, as shown in Figure 16a. The explanation for this discrepancy lies in the number of
corrosion sites in the two cases. Figures 5 and 9 show that the IGC density is much greater in the
unstressed L sample than the crack density observed in the L-T sample. Note that the orientation
of the L sample was different than the L-T sample. The length of the unstressed L sample was
the S direction rather than the T direction. Had stress been applied, it would have been an L-S
sample. The stacking of the thin grains in the S direction along the sample length provided many
grain boundaries to be attacked, which resulted in a larger current. The current for the L-T
sample also exhibits rather large and rather periodic fluctuations. Figure 16 b shows a magnified
view of the current at the time of 62-64 h. Figure 9 shows that there was one predominant crack
growing at this time, and the measured current might be primarily associated with the growth of
that crack. During this time there were several oscillations that were similar in form. The current
increased rapidly, reached a plateau value, and then decayed to a low value before it spiked
upwards again. This current transient suggests that the crack growth was discontinuous on a
scale that was not visible by the radiography. It is possible that the discontinuous growth was
associated with the coalescence of the IGC into a crack perpendicular to the applied stress in the
T direction, as described above.

CONCLUSIONS

1. Intergranular corrosion (IGC) and intergranular stress corrosion cracking (IGSCC) were
characterized using the in situ x-ray micro-radiography technique.

2. Tensile stresses parallel or normal to the nominal crack progression significantly decreased
the breakdown potentials.

3. The coalescence of IGC sites and the transition between IGC and IGSCC were clearly
observed.

4. Tensile stress in the transverse direction oriented parallel to the IGC crack faces advancing
in the L direction resulted in traverse IGC between the intact grains and integrated the IGC
sites into IGSCC.

ACKNOWLEDGEMENTS

This work was supported by the United States Air Force Office of Scientific Research
through Grant No. F49620-02-1-0148. The contract monitor has been Lt. Col. Paul Trulove and
is now Major Jennifer Gresham.

REFERENCES

1 M.O. Speidel, Metallurgical and Meterials Transactions A, 6A, 631 (1975).
2 D.O. Sprowls and R.H. Brown. Stess Corrosion Mechanisms for Aluminum Alloys, R.W.

Staehle eds., Proc. of Conf. Fundamental Aspects of Stress Corrosion Cracking, OSU
Columbus OH, (1967).

3 M.R. Bayoumi, Engineering Fracture Mechanics, 54, 879 (1996).
4 H. Vogt and M.O. Speidel, Corrosion Science, 40, 251 (1998).

6



5 C.S. Lee, Y. Choi, and I.G. Park, METALS AND MATERIALS INTERNATIONAL, 8:(2),
191 (2002).

6 J.L. Searles, P.I. Couma, and R.G. Buchheit, Metallurgical and Meterials Transactions A,
32A, 2859 (2001).

7 G.S. Frankel and Z. Xia, Corrosion, 55, 139 (1999).
8 J.E. Finnegan and W.H. Hart, Stress-Intensity Dependence of Stress-Corrosion Crack-

Growth Rate in 7079-T651 Aluminum, in Stress Corrosion-New Approaches, H. L. Craig,
Jr. ed., (1976).

9 X. Zhao, G.S. Frankel, B.Zoofan, and S.I. Rokhlin, Corrosion, 59, 1012 (2003).
10 X. Liu, G.S. Frankel, B. Zoofan, and S.I. Rokhlin. Imaging and Characterization of

Multiple Stress Corrosion Cracks in AA2024-3 by X-ray Radiography, eds., Proceedings
of 206 Electrochemistry Society, Honolulu, Oct. 2004, "Corrosion and Environmental
Cracking of Aluminum, Corrosion in Marine and Saltwater Environments II" D. Shifler
and T. Tsuru edt. p726, (2004).

11 X. Liu, G.S. Frankel, B. Zoofan, and S.I. Rokhlin, Submitted to Corrosion, (2005).
12 X. Liu, Z. Zhao, G.S. Frankel, B. Zoofan, and S.I. Rokhlin, Proc.of Triservice Corr. Conf

2003., (2003).
13 B. Zoofan and S.I. Rokhlin, Materials Evaluation, 52, 191 (1998).
14 X. Liu, G.S. Frankel, B. Zoofan, and S.I. Rokhlin, Corrosion Science, 46, 405 (2004).
15 A. Rota and H. Bohni, Werkstoffe undKorrosion, 40, 219 (1989).
16 A. Rota and H. Bohni, Werkstoffe undKorrosion, 40, 295 (1989).
17 W. Zhang and G.S. Frankel, Electrochemical and Solid-State Letters, 3, 268 (2000).
18 F. Hunkeler and H. Bohni, Corrosion, 37, 645 (1981).
19 F. Hunkeler and H. Bohni, Corrosion, 40, 534 (1984).
20 W. Zhang and G.S.Frankel, J. Electrochem. Soc., 149, B510 (2002).

7



L

40 jim
200 pm-

Figure 1. Microstructure and grain dimensions of AA2024-T3 (a) 19 mm thickness plate (b) 89
mm thick plate.
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Figure 2. Notation and configuration of tested sheet sample.
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Figure 3. Potentiodynamic polarization curves for L and L-T (with 0.28% initial strain) in 1.0 M
deaerated NaCI.
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Figure 4. Potentiodynamic polarization curves for AA2024-T3 89 mm thick plate in samples of L
and L-S (with 0.18% initial strain) in 1.0 M deaerated NaCl.
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Figure 5. X-ray microfocal radiography images of IGC in unstressed L sample at -580 mV SCE
in 1.0 M NaC1. (a) after 20 min, (b) after 1 h, (c) after 1.5h, (d) after 3h, (e) after 25.5h in low
magnification.
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Figure 6. X-ray microfocal radiography images of IGC in unstressed T sample at -580 mV SCE
in 1.0 M NaC1. (a) after 10 min, (b) after 20min, (c) after lh, (d) after 6h, (e) after 30h, (f) after
120h, left side of the sample and (g) after 120h, right side of the sample
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Figure 7. AA 2024-T3 at -580 mV SCE in 1.0 M NaCI. Growth rate for unstressed L of IGC
from in situ radiographic experiments compared to foil penetration data.
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Figure 8. AA 2024-T3 at -580 mV SCE in 1.0 M NaC1. Growth rate for unstressed T of IGC
from in situ radiographic experiments compared to foil penetration data.
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Figure 9. X-ray microfocal radiography images of IGSCC in L-T sample with initial 0.28% strain
at -580 mV SCE in 1.0 M NaCl. (a) after 7h, (b) after 27.5h, (c) after 50 h., (d) after 78.5h. (e)
series images of IGSCC at site 3.
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Figure 10. Metallurgical cross sectioning morphology of L-T sample after potentiostatic
polarization at -580 mV SCE in 1.0 M NaC1. (a) pairs of IGCs, (b) spread crack tips.
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Figure 11. Images for crack in an L-T foil penetrated sample at -580 mV SCE in 1.0 M NaC1. (a)
x-ray micrographic picture, (b) the magnified radiography image,(c) optical cross sectioning
image.

T

Figure 12. L sheet sample fractured in T direction. Letter "R" designates the mechanical rupture
region and arrows indicate IGC regions.
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Figure 13. Coalescence of multiple IGSCCs in fractured L-T sample.
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sparse IG cracks in turn coalesce a normal crack to the parallel stress.
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Figure 15. Growth rate of IGSCC for L, T and L-T sample at fastest growth sites at -580 mV
SCE in 1.0 M NaC1 from in situ radiographic experiments.
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Figure 16. Current transient for L sample with and without T stress. (a) comparison of current
transient in unstressed L and the L-T samples, (b) partial current transient in the L-T sample.
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